THE SOAP AND DETERGENT ASSOCIATION

A COMPUTER MODEL FOR PHOSPHATE PRECIPITATION

WITH ALUM AND FERRIC CHLORIDE

NOVEMBER 1984

DAVID JENKINS & ASSOC., 11 YALE CIRCLE, KENSINGTON, CA 94708

JAMES ENGINEERING INC., 6329 FAIRMOUNT AVE., EL CERRITO! CA 94530



TABLE OF CONTENTS

Objectives

Need for Study

Approach to Problem

Nature of Model

Development of the Model

Results of Model Predictions

Dosing with Metal Salts Combined With Strong Acid
Conclusions

Recommendations

REFERENCES
DESCRIPTION OF MODEL
PHOSPHATE RESIDUAL/CHEMICAL DOSE PLOTS

Page
1

1
3
3
10
18
39
47
48

Appendix I
Appendix II
Appendix III



A COMPUTER MODEL FOR PHOSPHATE PRECIPITATION
WITH ALUM AND FERRIC CHLORIDE

OBJECTIVES

The objectives of this study were to develop, test and utilize an .
empirical chemical equilibrium model to predict the chemical doses
(ferric chloride or alum) required to achieve a given dissolved
orthophosphate (ortho-P) residual in simultaneous precipitation
processes for a range of influent dissolved ortho-P, total alkalinity

and pH values.

NEED FOR STUDY

The removal of phosphate to low levels (in the range 0.2 - 2 mg total
P/1) is an effluent criterion for waste treatment plants in several
regions of the United States (e.g., Great Lakes Basin, Chesapeake Bay,
Florida). With the typical ranges of waste characteristics for USA
municipal wastewaters, the conventional secondary treatment
combination of primary sedimentation and biological treatment
(activated sludge or trickling filters) cannot be counted upon to
achieve P residuals in this range. Two general methods are utilized
to achieve these residual levels -- chemical precipitation of
phosphate and enhanced biological phosphorus removal. This study
addresses the use of chemical precipitation to achieve lower P
residuals. Phosphate precipitating agents utilized in waste treatment

commonly are salts of iron (ferric and ferrous chlorides and



sulfates), aluminum (alum) and calcium (1ime). The most widely used
in the USA are iron and aluminum salts, possibly because they are
effective at pH values consistent with their application
simultaneously into biological secondary treatment process units such
as activated sludge aeration basins. It is the use of such materials
in the simultaneous precipitation mode that will be addressed in this
study, although the model developed is equally applicable to phosphate

precipitation in primary treatment or tertiary treatment processes.

One of the sources of phosphate in municipal wastewater is detergent
products containing polyphosphate-based additives (builders). The
contribution of detergent phosphate to the total phosphate content of
municipal wastewater has been variously estimated. Booman (1984) has
given the value of 0.4 kg P/capita year as the detergent P »
contribution to a total domestic sewage P content of 1.4 kg P/capita

year.

In view of the "identifiable" and "controllable" nature of the
detergent P contribution to wastewater, much activity has been devoted
to ban or reduce the amounts of P in detergents. One of the
rationales for such actions is that if a wastewater treatment plant
must utilize chemicals to achieve its effluent P residual, reducing
the influent P will reduce the chemical dose required and the mass and
volume of sludge to be treated. The magnitude of these reductions has
been a topic of discussion for many years. It was the major objective
of this study to provide a rapid and rational method for estimating
chemical doses to achieve a desired P residual based on sound

principles and operationally derived chemical equilibrium data.
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APPROACH TO PROBLEM

The problem was approached by a review of the literature to select a
model that was rational and sufficiently comprehensive to allow its
application to a wide range of conditions of waste characteristics, P
residuals and chemical doses. The model selected was that of Ferguson

and King (1977). Additional input was obtained from Ferguson (1972).

NATURE OF THE MODEL

The Ferguson and King (1977) model is divided into two general parts:

1. The model calculates the pH of the wastewater after the precipitant

dose has been added.
2. The model calculates the P residual under one of three chemical
cases, which are internally verified during the model calculations.

These are:

a. No precipitate Insufficient alum has been added to precipitate

aluminum phosphate; the addition of alum changes the pH.

b. One precipitate Only aluminum phosphate precipitates. In this

regime the removal of P can be determined by stoichiometry (at low
alum doses) or by the solubility product of aluminum phosphate (at

higher alum doses).



c. Two precipitates Both aluminum phosphate and aluminum hydroxide

precipitate. The P residual is determined by equilibria between

the solids.

Assumptions that are made in the use of the model and in the values of

the input terms include:

1. Equilibrium as described by the stated equilibrium constants is
achieved. Kinetics are not considered. However, since many of the
equilibrium constants (especially those describing heterogenous

reactions) are based on operational data most 1ikely with amorphous

rather than crystalline solids, kinetics may well be tacitly included.

2. The systems are assumed to be closed to the atmosphere with
respect to exchange of COZ'
3. Mixing of chemicals is assumed excellent and the same from case to

case.

4. The models apply only to the precipitation of dissolved ortho-P.
The removals of influent particulate P are not considered. Dissolved
condensed P is assumed not to be present. This is justified on the
basis that the models are applied to simultaneous precipitation and

that the biological treatment system has had the opportunity to
hydrolyze the condensed P to ortho-P.

5. The model does not predict biological uptake of P by the organisms

in secondary treatment processes. In simultaneous precipitation
-4-



processes the bijological uptake of P is assumed to take place before
the removal of P by chemical precipitation. Because of these

assumptions it was necessary to generate a range of values of soluble
ortho-P which might be typical of those influent to the precipitation

process. This was done as follows:

o Assume 3 values of per capita sewage volume (100, 150 and 200
gal/cap.- day).

o Assume per capita BOD. (BOD) contribution = 80 g/cap.-day.

5
e Assume total per capita P contribution = 1.4 kg/cap.-year

= 3.84 g/cap.-day.
e Assume detergent P contribution = 0.4 kg/cap.-year

| = 1.1 g/cap.-day.

e Assume 8005 removal by primary sedimentation = 35%.
® Assume total P removal by primary sedimentation = 10%.
® Assume activated sludge production = 0.65 kg TSS/kg 8005 removed.
® Assume activated sludge P content = 2% of TSS.

Then (for example) for a 100 gal/cap.-day sewage flows, and with no

detergent P ban:

Raw sewage BOD5 concentration (mg/1) =

80 g BOD 1000 mg gal cap.-day _
cap.~day * g X3,785 1 * 100 ga1 - 2i1 mg/1

Primary effluent BODg (mg/1) = 211 - (211 x 0.35) = 137 mg/1
Raw sewage total P concentration (mg/1):

3.84gP gal cap.-day

cap.-day X 37785 1* ~100 gal =10.1 mgP/1

Primary effluent total P (mg/1) = 10.1 - (10.1 x 0.10) = 9.1 mg P/1
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P removal by activated sludge =

0.65 TSS .
137 m% BOD —ﬁEfTﬁ%%———_ « ggOZ mg P =1.8 mg P/1

Therefore P available for chemical removal = 9.1 - 1.8 = 7.3 mg P/1.

Results of the calculations for each of the cases considered are
presented in Table 1. From these calculations it was decided to use
the "No detergent P ban"/"Detergent P ban" influent soluble ortho-P
pairs of values of 7 and 5 mg P/1, 5 and 3 mg P/1, and 4.0 and 2.5 mg
P/1.

6. The P residuals considered (and predicted) by the model are
soluble ortho-P residuals. It should be recognized that effluent
standards usually are stated in terms of total P concentration and .
include particulate P. This is not predicted by the model but must be
estimated separately from a knowledge of the effluent suspended solids
concentration and the P content of the suspended solids. Typical
values of effluent total P standards are 0.2, 0.3, 0.5, 1.0 and 2 mg
P/1. Table 2 gives the soluble ortho-P concentration that would have
to be achieved at various effluent suspended solids concentrations in
order to meet these effluent total P standards. The suspended solids
are assumed to contain 2% P. On the basis of Table 2 it would seem
pertinent to consider chemical doses required to produce soluble
ortho-P residuals of 0.1, 0.3, 0.5, and 1.5 mg P/1 to cover the range
of interest. For the sake of completeness and to provide for an
evenly distributed data output, soluble ortho-P residuals of 0.8 and

1.1 mg P/1 also were considered.



TABLE 1 Development of Initial Soluble Orthophosphate
for "No Detergent Ban" and "Detergent P Ban" Situations
Sewage Raw Primary No Detergent Ban Detergent Ban
Volume BOD5 BOD5 Raw Primary P after Raw Primary P after
gal/cap- P P biol. P P biol.
day mg/1 mg/1 mg/1 mg/1 treat+ mg/1 mg/1 treat+
mg/1 mg/1
100 211 137 10.1 9.1 7.3 7.2 6.5 4.7
150 140 91 6.8 6.1 4.9 4.9 4.4 3.1
200 106 69 5.1 4.6 3.7 3.6 3.3 2.4
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TABLE 2. Soluble Ortho-P Concentrations Required to Meet Various
Effluent Total P Requirements at Various Effluent
Suspended Solids Concentrations (Effluent SS = 2% P)

Total Effluent Phosphate Required
Phosphate Suspended in Soluble
(mg P/1) Solids Suspended Orthophosphate

(mg/1) Solids (mg P/1)
(mg/1)
0.2 5 0.1 0.1
0.3 5 0.1 0.2
0.3 10 0.2 0.1
0.5 5 0.1 0.4
0.5 10 0.2 0.3
0.5 20 0.4 0.1
1.0 20 0.4 0.6
1.0 30 0.6 0.4
2.0 20 0.4 1.6
2.0 30 0.6 1.4




7. Input values for initial wastewater total alkalinity were 100, 200
and 300 mg as CaCO3/1 -- a range that covers most wastewaters.
Similarly, the chosen initial wastewater pH values of 7.0 and 7.5 are
typical of the range of values found in practice for primary domestic

wastewater effluents.

8. MWastewater total alkalinity is an input variable in the model.
One of the potential poly-P replacements in detergents is sodium
carbonate (washing soda). The effect on the wastewater total
alkalinity of replacing detergent poly-P with sodium carbonate was
found to be negligible using the following rationale (and using

"rounded" numbers for illustration):

a. Assume total wastewater alkalinity = 100 mg CaCO3/1. This is a
low alkalinity for a wastewater so that the effects on alkalinity
are maximized. The total alkalinity includes contributions from

the carbonate system and from phosphates.

b. Assume influent P concentration = 7 mg P/1 (1.36 kg /cap.-yr. at
waste flow of 150 gal/cap.-day).

C. Assume detergent P = 2 mg P/1 (0.4 kg P/cap.-yr. at waste flow of
150 gal/cap.-day)

d. Assume 100% Na2C03 replacement of detergent P, resulting in a

detergent that contains 20% Na2C0 and contributes 1.3 kg

3
Na2C03/cap.-yr.
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Total alkalinity = 100 mg CaC03/1 = 2 meq/1

Detergent phosphate alkalinity = 2 mg P/1 x 2 meq < 1 mM
mM  ~ 31 mgP

= 0.13 meq/1
Therefore, carbonate system alkalinity = 2 - 0.13 = 1.87 meq/1

Detergent carbonate concentration = 1.3 kg/cap.-yr. at 150

gal/cap.-day

Detergent carbonate alkalinity =

6.5mg  2meq 1 _
1 X mM X 100 mg -0.123 meq/]

So total alkalinity = 1.87 + 0.123

1.993, or approx. 2.0 meq/1
100 mg CaCO3/1

Thus, even if Na2C03 were to fully replace detergent P, there would be
no significant change in the total alkalinity of the wastewater.
Further, since the detergent P contributes an alkalinity of only 0.13
meq/1 or 6.5 mg CaCO3/1, partial (50% replacement) or excess (150%
replacement) of detergent P a]ka]inify by Na2C03 alkalinity would only
change the alkalinity by approximately 3-4 mg CaC03/1. Again, even at
a low alkalinity (100 mg CaCO3/1) this change is negligible.

DEVELOPMENT OF THE MODEL

Several modifications (and corrections) were made in the model
calculations presented in the Ferguson (1972) paper and the Ferguson &

King (1977) article. A description of the final model calculations
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and the program flowsheet is presented in Appendix I. A program
Tisting and a disk containing the model calculations in FORTH also is
appended (Appendix II). The FORTH programming language was used

because its speed and compactness make it suited for microcomputers.

The model was developed in as general a form as possible, to increase
its flexibility. The stoichiometry of the aluminum phosphate or
ferric phosphate precipitate can be varied. In the Ferguson and King
(1977) model, the aluminum phosphate solid stoichiometry was
A11.4P04(OH)1.2(S) with a solubility product of B e 1074 a value
that produced agreement between model predictions and laboratory jar
test and pilot plant results for P residual. In the data presented in
this report, the stoichiometry of A11.5P04(0H)1.5(S) is used, since
this appeared to provide a reasonable agreement with available field
scale and pilot scale data on simultaneous precipitation/biological
treatment. The stoichiometry chosen for the work with ferric
phosphate precipitation was Fe1.2P04(OH)0.6(S). This value, and the xiﬁ;’
associated solubility product of KSo = 10'36°3 was chosen so that the
predicted data would fit the observations of Recht and Ghassemi
(1970). Again, as noted for the aluminum phosphate model, this

stoichiometry can be varied.

The Ferguson and King (1977) model was found to contain a
discontinuity in the P residual calculation section between the one
precipitate and two precipitate cases. Because the formation of one
precipitate -- the metal phosphate -- at doses of metal ion less than
the stoichiometric requirement is an experimentally observed

* phenomenon, it was decided to handle the calculation discontinuity by

LyE



manual extrapolation across the boundary between the two cases.

A typical example of this extrapolation technique is presented in
Figure 1. In general, the extent of extrapolation required was
greater for any given set of conditions for ferric phosphate
precipitation by ferric chloride than for aluminum phosphate

precipitation using alum (Figures 1 and 2).

The degree of extrapolation required also increased with increasing
initial pH and alkalinity, and with decreasing initial phosphate. In
the Ferguson & King (1977) paper, only two cases were used to
determine how the model behaved for alum -- these were a very low
alkalinity (75 mg as CaCO3/1) and a very high alkalinity (400 mg as
CaCO3/1). Both of the cases used the rather high pH (for simultaneous
precipitation) of 8.5. Under these conditions and using hand
calculations, two types of phosphate-residual-versus-alum-dose curves
were obtained. (See Figure 3, which is a copy of Figure 9 of the

Ferguson and King (1977) paper).

Figures 4 and 5 show a comparison between the Ferguson and King (1977)
figures and the predictions of the current model. For low alkalinity
(75 mg Caé03/1) there is excellent agreement between the simulations
of Ferguson & King (1977) and the model predictions (Figure 4). At
high alkalinity (400 mg CaC03/1) the discontinuity between the one-
and the two-precipitate regimes is evident, and there is less
agreement with the simulations of Ferguson & King (1977) (Figure 5).
Extrapolations such as those used fo the model outputs discussed later

do however fit the Ferguson & King (1977) data in the region between
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FIGURE 1 Example of Extrapolation Between One and Two Ppt Cases
(FeC]3 dosing)
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FIGURE 2 Example of Extrapolation Between One and Two Ppt. Cases

(Alum Dosing)
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(13a) Wastewater pH versus alum dosage for
10 mg/1 initial phosphorus; (13b) Phosphate
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FIGURE 3 Ferguson and King (1977) Simulations of Phosphate
Residual and pH for Alum Dosing. Conditions indicated
in Figure caption.
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the one- and two-precipitate regimes. It is possible that the hand
calculation used by Ferguson & King (1977) was not discriminating

enough to detect the discontinuity in the high alkalinity cases.

The existence of a discontinuity in the model predictions can present
a dilemma in extrapolation, because in some cases, especially at high
pH (7.5), high alkalinity (200-300 mg as CaCO3/1), and Tow jnitial P
concentration, the results might be extrapolated in two different
ways. Figure 3 illustrates this dilemma. There is support for the
existence of the curves produced by methods of extrapolation (Ferguson

& King, 1977).

It is not known which extrapolation (or either). between the one- and
two-precipitate cases correctly describes the actual operating
situation in the region of the extrapolations. The impact of making
one or another of the two types of extrapolation on the change in
chemical dose for a given change in influent soluble ortho-P (and
therefore on the treatment cost for detergent phosphate) will be
discussed in the results section. In general, the impact is
negligible below soluble ortho-P residuals of 0.5 mg P/1. It becomes
more and more evident as the desired soluble ortho-P residual

increases above this value.

RESULTS OF MODEL PREDICTIONS

As previously mentioned, the model was used to predict the soluble
ortho-P residuals obtained by dosing either ferric ion (as ferric

chloride) or aluminium jon (as alum) to solutions with the following
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ranges of composition:

e initial soluble ortho-P concentrations of 7, 5, 4, 3, and 2.5 mg P/1
¢ initial alkalinities of 100, 200, and 300 mg CaCO3/1

e initial pH values of 7 and 7.5

The model determined the chemical doses required to achieve dissolved

ortho-P residuals of 1.5, 1.1, 0.8, 0.5, 0.3 and 0.1 mg P/1.

The general technique was to enter the initial composition (pH,
soluble ortho-P and total alkalinity), and then to run the computer
program to print out soluble ortho-P residuals at various chemical
doses. These results then were hand-plotted, and extrapolations were
made if needed in the region between the one- and the two-precipitate
cases (if necessary by both of the extrapolation methods indicated
previously). The curves for all of the cases examined are provided in

Appendix III.

Tables 3 through 6 summarize the doses of either FeC]3 (as Fe) or alum
(as alum, with molecular weight = 600) required to reach the indicated
soluble ortho-P residual. The data are for the "smooth curve" type of
extrapolation (extrapolation 1). Where the shoulder type of
extrapolation (extrapolation 2) also was used, the results are

presented in parentheses.

Tables 7 through 10 present the final pH values that correspond to the
chemical doses in Tables 3 through 6. From these data it would appear

that, from a pH standpoint, all but some of the 0.1 mg P/1 soluble
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Table 3. FeCl 3 doses (as mg Fe/l) to achieve indicated soluble orthophosphate residual; initial pH 7.

Initial soluble

orthophosphate
mg P/l 7 5 4 3 2.5
Alkalinity
mg CaC03/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/l
1.5 12 13.5 15.5 7.5 10.5 12.5 6 8.5 10(11) 4 5(8) 9.5 6(7) 8(9)
1.1 13.5 16.0 19.5 9.5 13 17 8.5 13 17 7 9.5(10.5) 16.5 10.5 16.5
0.8 15.5 19 26 12 16.5 23 11 18 25 10 15 25 10 15.5 24
0.5 18.5 25.5 35 16 20 35 15 25 37 14 25 34 14 25 35
0.3 21.5 35 50 20 35 50 20 35 53 19 37 48 18 36 50
0.1 32 55 - 32 55 - 30 52 - 30 53 - 29 53 -
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Table 4. FeCl, doses (as mg Fe/l) to achieve indicated soluble orthophosphate residual; initial pH 7.5.

Initial soluble
orthophosphate
mg P/I 7 5 4 3 2.5
Alkalinity
mg CaCOJ/l 100 200 300 100 200 300 100 200 300 | 100 200 300 - | 100 200 300
Residual soluble
orthophosphate,
mg P/1
1.5 15(15.5) 22.5 30.5 12(13.5) 18.5 25.5 7.5(13) 14(18.5) 22.5(26)] 3.5(10.5) 12(18) 17(24.5)| 5.5(9.5) 10(16.5) 16(24)
1.1 17.5 25.5 36.5 15(15.5) 22.5 31 11(14.5) 20(23) 31(32) 8.5(12) 18(21) 25.5(30) | 9(12) 16.5(21) 26.5(29)
0.8 20 30 43 17.5 26 37 15(16) 26(28) 38 12(15)  24.5(25) 34(36) |12.5(14.5) 23(25) 35
0.5 23.5 36 50 20.5 32 45 20 35 47 17.5(18.5) 32.5 45.5 17.5(18)  31.5(32) 45.5
0.3 27.5 47.5 60 23.5 40 55 24 42 60 23 42.5 60 22 40 . 60
0.1 36 55? - 29 52 - 32 60 - 31 60 - 30 60 -
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Table 5. Alum doses (as mg/l alum, mwt = 600) to achieve indicated soluble orthophosphate residual; initial pH 7.

Initial soluble

orthophosphate
mg P/l 7 5 4 3 2.5
Alkalinity
mg CaCO3/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/1
1.5 80 80 84 50 56 65 35 37 55 22(25) 25(32) 47 15(20) 20(25) 32(40)
1.1 87 9% 102 58 67 92 42 57 82 30(37) 47(55) 77 25(32) 45(53) 70
0.8 95 108 135 68 87 125 55 82 120 42(47) 77(80) 115 40(45) 77 110
0.5 107 125 200 81 135 180 75 127 180 65 122 170 67 127 170
0.3 120 190 250 105 190 250 100 175 255 95 175 245 100 180 250
0.1 150 280 - 150 280 -- 150 285 - 155 285 - 150 285 -
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Table 6. Alum doses (as mg/l alum, mwt=600) to achieve indicated soluble orthophosphate residual; initial pH 7.5.

Initial soluble

orthophosphate
mg P/1 7 5 4 3 2.5
Alkalinity ,
mg CaCOJ/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/1
1.5 83 120 147 60(67) 100 132 47(55) 67(90)  100(120) | 27(53) 60(90)  95(117) |30(50) 55(80) 78(113)
1.1 95 135 170 75(77) 120 157 62(67)  97(110) 137(143) | 45(63)  87(105) 135(145)|45(57) 85(97) 123(140)
0.8 105 155 200 39 140 185 77(80) 127(132) 170 62(73) 117(125) 175(177)|62(67) 117(123) 165(173)
0.5 120 190 260 107 170 275 97 170 235 90 160 235 87 160 225
0.3 140 260 - 130 260 290 120 225 300 112 205 300 110 210 300
0.1 180 300 -— 180 300 - 175 - .- 170 300 - 170 300 -




) I 1 I I

/EXTKAPOLATION@ Alk =300 |
PH =75
AN -
N EXTRAPOLATION (2)
N i
~
~

ALUM (Mwi = Go0) Po%E, mq/tL

FIGURE 6 The Two Types of Extrapolation Possible in the Region
of Discontinuity Between One and Two Precipitate Cases
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Table 7. Final pH values corresponding to FeCl, doses in Table 3 (initial pH 7).

Initial soluble

orthophosphate
mg P/t 7 5 4 3 2.5
Alkalinity
mg CaCOB/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/l
1.5 6.7 6.8 6.8 6.9 6.8 6.9 6.8 6.9 6.9 6.9 6.9 6.8 6.8 6.9 6.9 6.85
1.1 6.6 6.8 6.7 6.7 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.77
0.8 6.5 6.6 6.7 6.6 6.7 6.7 6.7 6.6 6.7 6.7 6.7 6.7 6.7 6.6 6.7 6.6
0.5 6.5 6.6 6.5 6.5 6.7 6.5 6.5 6.5 6.5 6.5 6.5 6.4 6.4 6.5 6.5 6.51
0.3 6.4 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.31
0.1 5.9 6.0 - 5.8 5.9 - 5.8 6.0 . - 5.8 5.9 - 5.8 5.9 -~ 5,88
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Table 8. Final pH values corresponding to F(-:Cl3 doses in Table # (initial pH 7.5).

Initial soluble

orthophosphate
mg P/1 7 5 4 3 2.5
Alkalinity '
mg CaCO3/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/l
1.5 6.9 6.9 6.8 7.0 6.9 6.9 7.2 7.0 6.9 7.3 7.1 7.1 7.2 7.1 7.1 7.03
1.1 6.8 6.8 6.7 6.8 6.8 6.8 7.0 6.8 6.8 7.0 6.9 6.8 6.9 6.9 6.8 6.84
0.8 6.7 6.7 6.6 6.7 6.7 6.7 6.7 6.7 6.6 6.8 6.7 6.7 6.7 6.7 6.7 6.69
0.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
0.3 6.3 6.3 6.3 6.4 6.3 6.4 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.31
0.1 5.8 6.1 - 6.1 6.1 - 5.8 5.8 - 5.8 5.8 - 5.9 5.8 - 5.9
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Table 9. Final pH values corresponding to alum doses in Table 5 (initial pH 7).

A
A

%

Initial soluble

orthophosphate
mg P/1 7 5 4 3 2.5
Alkalinity
mg CaCOJ/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/1
1.5 6.5 6.8 6.8 6.7 6.8 6.8 6.8 6.9 6.9 6.8 6.9 6.9 6.9 6.9 6.9 6.84
1.1 6.5 6.7 6.8 6.7 © 6.7 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.76
0.8 6.5 6.7 6.7 6.6 6.7 6.7 6.7 6.7 6.7 6.8 6.7 6.7 6.7 6.7 6.7 6.69
0.5 6.4 6.6 6.5 6.5 6.6 6.5 6.5 6.5 6.5 6.6 6.5 6.5 6.6 6.5 6.5 6.52
0.3 6.3 6.4 6.4 6.4 6.3 6.4 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.33
0.1 6.1 6.0 - 6.0 6.0 - 6.0 5.9 - 5.9 5.9 - 5.9 5.9 --  5.96
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Table 10. Final pH values corresponding to alum doses in Table 6 (initial pH 7.5).

Initial soluble

orthophosphate
mg P/ 7 5 4 3 2.5
Alkalinity
mg CaC03/l 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
Residual soluble
orthophosphate,
mg P/1
1.5 6.8 6.9 6.9 7.0 6.9 6.9 7.1 7.1 7.0 7.3 7.1 7.0 7.2 7.1 7.1 7.03
1.1 6.8 6.8 6.8 6.8 6.8 6.8 6.9 6.9 6.9 7.0 6.9 6.8 7.0 6.9 6.9 6.87
0.8 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.8 6.7 6.7 6.8 6.7 6.7 6.71
0.5 6.5 6.5 6.5 6.5 6.6 6.6 6.6 6.5 6.6 6.5 6.5 6.5 6.6 6.5 6.5 6.53
0.3 6.3 6.2 -— 6.3 6.2 6.4 6.3 6.3 6.3 6.3 6.4 6.3 6.3 6.3 6.3 6.3
0.1 6.0 6.0 - 5.8 6.0 - 5.8 - - 5.8 5.9 - 5.8 5.9 - 5.89




ortho-P residuals could be achieved consistent with biological
treatment (i.e. using simultaneous precipitation). There are other
process factors that may prevent this. To illustrate this point, the
averages of the pH data for four conditions (FeC]3 dosing with initial
PH values of 7 and 7.5, and alum dosing with initial pH values of 7
and 7.5) are plotted in Figure 7 against soluble residual ortho-P.
From this plot it appears that pH values consistent with biological
treatment (2 6.2) will be maintained for soluble ortho-P residuals of

0.25 mg P/1.

Using the FeC13 and alum dose data from Tables 3 through 6, it was
possible to compute the reduction in chemical dose that would result
from the influent P reductions due to a detergent p ban. 'This was
done for each soluble ortho-P residual, initial pH and alkalinity; the
results are presented in Tables 11 through 16. These data are also
summarized graphically in Figures 8 and 9. Two things emerge from
these Figures. First, for any given P residual there is a
considerable range of chemical dose reductions for a given influent P
reduction. Second, as the required soluble ortho-P residual
decreases, the chemical dose reduction attributable to a decrease in
influent P decreases. In Figures 8 and 9 the average chemical dose
reductions are presented for both methods of extrapoltion. With
either method of extrapolation the same general average trend of
decreasing "savings" in chemical dose for reductions in influent
dissolved ortho-P is shown. The differences in the predictions given
by the two methods of extrapolation increases as the dissolved ortho-P

residual increases. In general the difference is minor for dissolved

-ortho-P residuals of below 0.5 mg P/1 and becomes significant for

-29-
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TABLE 11 Reductions in FeCl

Dose for a Reduction in Influent

Soluble Orthophospﬁate from 7 to 5 mg P/1. Figures are

(amoles FeCl,)/(amoles P).

3
Soluble
Residual pH 7 pH 7.5
Orthophosphate, Alkalinity, mg CaC0,/1 Alkalinity, mg CaCO3/1
mg P/1 100 200 308 100 200 300
1.5 1.2 0.83 0.83 0.83 1.1 1.4
(0.55)
1.1 1.1 0.83 0.69 0.69 0.83 1.5
(0.55)
0.8 1.2 0.69 0.83 0.69 1.1 1.7
0.5 0.69 1.5 0.0 0.97 1.1 1.4
0.3 0.42 0.0 0.0 1.1 2.1 1.4
0.1 0.0 — - 1.9 0.83 —
NOTE: Figures in parentheses are for the shoulder type of

extrapolation.
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TABLE 12 Reductions in FeCl

Dose for a Reduction in Influent

Soluble Orthophospﬁate from 5 to 3 mg P/1. Figures are

(amoles FeCl

3

)/(amoles P).

Soluble
Residual pH 7 pH 7.5
Orthophosphate, Alkalinity, mg CaC0.,/1 Alkalinity, mg CaC03/1
mg P/1 100 200 308 100 200 300
1.5 0.97 1.5 0.83 1.8 1.8 2.4
(0.69) (0.83) (0.14) (0.28)
1.1 0.69 0.97 0.14 1.8 1.2 1.5
-(0.69) (0.97) (0.41) (0.28)
0.8 0.55 0.42 0.55 1.5 0.42 0.83
(0.69) (0.28) (0.28)
0.5 0.55 1.4 0.28 0.83 0.14 0.14
(0.41)
0.3 0.28 0.55 0.55 0.14 0.69 0.14
—0.1 0.55 0.0 - 0.55 - -
NOTE: Figures in parentheses are for the shoulder type of

extrapolation.
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TABLE 13 Reductions in FeCl

Dose for a Reduction in Influent

Soluble Orthophospﬁate from 4 to 2.5 mg P/1. Figures are
(amoles FeCl,)/(Amoles P).

3

pH 7.5
Alkalinity, mg CaC0,/1
100 200 3003

Soluble

Residual pH 7

Orthophosphate, Alkalinity, mg CaCO0,/1

mg P/1 100 200 308
1.5 0.73 0.92 0.73
1.1 0.55 0.92 0.18
0.8 0.37 0.92 0.37
0.5 0.37 0.0 0.74
0.3 0.74 0.0 1.1
0.1 0.37 —_ —

0.73 1.5 2.4
(1.3)  (0.73) (0.73)
0.73 1.7 1.7
(0.93) (0.73) (1.1)
0.92 1.1 1.1

(0.55) (1.1)

0.92 1.3 0.55
(0.73)

0.73 0.74 0.0

0.73 0.0 -

NOTE: Figures in parentheses are for the shoulder type of

extrapolation.
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TABLE 14 Reductions in Alum Dose for a Reduction in Influent

Soluble Orthophosphate from 7 to 5 mg P/1. Figures are
(Amoles Al)/(amoles P).

Soluble
Residual pH 7 pH 7.5
Orthophosphate, Alkalinity, mg CaCO0,/1 Alkalinity, mg CaC03/1
mg P/1 100 200 308 100 200 300
1.5 1.6 1.2 0.98 1.2 1.0 0.78
(0.83)
1.1 1.5 1.4 0.52 1,93  0.78  0.67
(0.93)
0.8 1.4 1.1 0.52 0.83 0.78  0.78
0.5 1.3 0.0 1.0 0.67 1.0 1.8
0.3 0.78 0.0 0.0 0.52 0.0 —
0.1 0.0 0.0 — 0.0 0.0 -

NOTE: Figures in parentheses are for the shoulder type of
extrapolation.
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TABLE 15 Reductions in Alum Dose for a Reduction in Influent
Soluble Orthophosphate from 5 to 3 mg P/1. Figures are

(amoles Al)/(a moles P).

Soluble
Residual

Orthophosphate, Alkalinity, mg CaCO0,/

pH 7

pH 7.5
Alkalinity, mg CaC0,/1

mg P/1 100 200 6 100 200 3003

1.5 1.4 1.6 0.93 1.7 2.1 1.9
(1.3) (1.2) (0.72) (0.52) (0.78)

1.1 1.5 1.0 0.78 1.6 1.7 1.1
(1.1)  (0.62) (0.72) (0.78) (0.67)

0.8 1.3 0.52  0.52 1.4 1.2 0.52
(1.1)  (0.36) 0.83) (0.78)

0.5 0.83 0.67 0.52 0.88  0.52  0.52

0.3 0.52 0.78 0.2 0.93 0.0 0.0

0.1 0.26  0.26._ 0.0 0.52 0.0 —

NOTE: Figures in parentheses are for the shoulder type of

extrapolation.
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TABLE 16 Reductions in Alum Dose for a Reduction in Influent
Soluble Orthophosphate from 4 to 2.5 mg P/1. Figures are
(Amoles Al)/(amoles P).

Soluble
Residual pH 7 pH 7.5
Orthophosphate, Alkalinity, mg CaC0,/1 Alkalinity, mg CaCO3/1
mg P/1 100 200 300 100 200 300
1.5 1.4 1.2 1.6 1.2 0.82 1.5
(1.0) (0.82) (1.0) (0.34) (0.69) (0.48)
1.1 1.2 0.83 0.83 1.2 0.83 0.96
(0.69) (0.28) (0.69) (0.90) (0.21)
0.8 1.0 0.34 0.69 1.0 0.69 0.34
(0.69) (0.89) (0.62) (0.21)
0.5 0.55 0.34 0.69 0.69 0.69 0.69
0.3 0.0 0.0 0.34 0.69 1.03 0.0
0.1 ‘ 0.0 0.0 0.34

NOTE: Figures in parentheses are for the shoulder type of
extrapolation.
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dissolved ortho-P residuals above 1.0 mg P/1.

The model was used to assess the potential impact of a P detergent ban
on the FeC]3 dose required to meet various P residual requirements in
a wastewater such as that found at the Blue Plains Waste Treatment
Plant. Data for primary effluent alkalinity were averages (pH = 7.1;
initial alkalinity = 126 mg as CaCO3/]) of those in Table 17 (Blue
Plains data of Ed Jones provided by R. Sedlak, Soap & Detergent
Association). The influent soluble ortho-P was assumed to be 7 mg P/1
with a reduction to 5 mg P/1 being assumed to result from a detergent
P ban. Figure 10 and Table 18 present the chemical doses required to
achieve various soluble ortho-P residuals. The difference in FeC13
dose for this reduction in influent P is presented in Table 19. From —

this it can be seen that for a residual dissolved ortho-P of 1.5 mg

P/1, the savings in FeC]3 is predicted to be 4.7 1b FeC13/1b P.

DOSING WITH METAL SALTS COMBINED WITH STRONG ACID

When iron chloride, iron sulfate, or alum are added to wastewater to
precipitate P, reactions also occur between these salts and the
wastewater alkalinity (bicarbonate). This "side reaction" consumes
chemical and may produce a hydroxide precipitate, both of which are
undesirable from a treatment point of view because they result in

chemical consumption and in sludge production.

In these "side reactions" the iron and aluminum ions act as strong

acids, titrating the alkalinity. It is possible that chemical costs

and sludge production could both be reduced if a strong acid (e.g.
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TABLE 17 Blue Plains Sewage Treatment Plant East Primary, Total
Alkalinity and pH Data Provided by R. Sedlak, Soap and
Detergent Association

Month - Year Mean Mean
Alkalinity

o
T

3 -80 112
4 : 111
5 115
6 127
7
8
9

e o o

HFNDNWOOFROOWO

132
135
133
10 143
11 148
12 121

1-281 151
2 101
3 106

NN NNNNNNNNON
L] L] L] L] L] .

PPN

j

Mean 126
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Table 18. Ferric chloride doses required to achieve various soluble orthophosphate residuals.
Blue Plains case: initial pH = 7.1; initial total alkalinity = 126 mg as CaCOB/l.

Initial soluble

orthophosphate

concentration, 7 5 4.2

mg P/l

Residual soluble FeCl, dose FeCl, dose FeCl, dose
orthophosphate mg Fe/l Role Fe added mg Fe/l lalole Fe added Mg Fe/l Riole Fe added

concentration, mg P/l

Mole P present

Mole P present

Mole P present

1.5 12.
1.1 15
0.8 17.
0.5 22
0.3 27.

0.1 38

5 1.0
1.2
5 1.4
1.7
5 2.2
3.0

12
15
20
26
38

1.0
1.3
1.7
2.2
2.9
4.2

11.5
14.5
20
25
38

1.1
1.5
1.9
2.6
3.3
5.0




TABLE 19 Predicted FeC]3 Savings for an Influent P Reduction
from 7 to 5 mg°P/1. (Blue Plains Case)

Residual Soluble FeCl, Savings

Orthophosphate 3
Co;geg;:at1on Amole F?é;mole p Alb FeC]3 /olb P
1.5 0.9 4,7
1.1 0.8 4,2
0.8 0.7 3.7
0.5 0.6 3.1
0.3 0.4 2.1
0.1 0.0 0.0
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sulfuric acid) were used to reduce alkalinity and pH before the
addition of the P precipitating cHemical. To allow the computation of
these factors, the following calculation scheme is presented. This
scheme allows the calculation of the changes in total alkalinity and
PH that would occur upon the addition of a strong acid to a
wastewater. The effect that these changes have on the iron or
aluminum requirements for achieving a desired P residual can be
determined by running the P precipitation model for the wastewater

composition before and after acid addition.

Since simultaneous precipitation processes are assumed, the following
calculations assume an "open system", that is, air being bubbled
vigorously through the liquid to which acid s being added so that any
CO2 that is produced will be equilibrated with the atmosphere. The
CO2 content of the atmosphere is assumed to remain constant at the
initial value prior to acid addition (determined by the production of

CO2 and its stripping in the aeration system).

For an "open" system:

Ku_ (o, +2dy) + Ky
) py -

Alkalinity =

pCo,
where
KH = Henry's constant for CO2
= 10715 4t 25%¢
PCOZ = partial pressure of CO2

ol values = fraction of various "carbonate" species
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A, = H2C03/tota1 inorganic carbon
d, = HCO§/tota1 inorganic carbon
o= C0;-2/total inorganic carbon
KW = equilibrium constant for water

= 1014 4t 25 ¢

For the pH range of interest (6-9)

Ka [H] andt,— ©
T -

Therefore, alkalinity = KH (FCOz)

'8

\

|

For initial wastewater conditions, pH and alkalinity due to the
bicarbonate system are known; values can be found for o(° and d‘

Tables and (JCOZ. can be calculated.

Now, strong acid is added (CA moles/1); this has the effect of
titrating some of the alkalinity, so that:

Alkalinity - Cy = KHPCOZEéL
0

from

Using the new value of alkalinity, and keeping pCOz constant, the

value of the ratio <"-/a-(o can be calculated. Tables of ol, and o,

can be examined to determine at which pH value this ratio is met.

For

convenience, Table 20 presents values of the O%l ratio at pH values

between 5 and 9. The pH and alkalinity of the wastewater following

acid addition are now known, and can be used as new starting

-45.
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Table 20. « Values for Carbonate Species

pH d‘/do pH d'é(o }pH 04‘/>z° pH “'/o(,,
5.0 0.0445 6.0 0.49 7.0 4.43 8.0 44.5
5.1 0.0559 6.1 0.56 7.1 5.62 8.1 56.1
5.2 0.0704 6.2 0.741 7.2 7.06 8.2 70.4
5.3 0.0887 6.3 0.886 7.3 8.89 8.3 89.1
5.4 0.111 6.4 1.12 7.4 11.2 8.4 112
5.5 0.14 6.5 1.4 7.5 14.1 8.5 141
5.6 0.176 6.6 1.77 7.6 17.7 8.6 177
5.7 0.222 6.7 2.23 7.7 22.3 8.7 223
5.8 0.28 6.8 2.8 7.8 28.1 8.8 281
5.9 0.353 6.9 3.52 7.9 35.4 8.9 397
9.0 445




conditions for the phosphate precipitation model.
CONCLUSIONS

1. The study reviewed the models available for predicting the
residual dissolved ortho-P concentration as a function of iron or

aluminum dose.

2. The equilibrium model of Ferguson & King (1977) for alum dosing
was selected for study. The calculations required in the Ferguson &
King model were programmed in FORTH so that the model could be run for
a wide variety of cases on a microcomputer. The program was made
flexible enough to consider a range of stoichiometries of both ferric
phosphate and aluminium phosphate, so that the model could be used

both for iron (e.g. ferric chloride) and aluminum (alum) dosing.

3. The Ferguson & King (1977) model was found to contain a
discontinuity that apparently had not been detected by the authors of
the model in their hand-performed calculations presented in the
original work describing the model. This discontinuity occurred
between the one- and two-precipitate cases. In some cases, especially
for ferric chloride dosing and for high alkalinity, low initial
dissolved ortho-P, and high initial pH, the discontinuity became
significant, leading to uncertainty as to the method of extrapolation
that should be used in the discontinuity region. Two methods of
extrapolation were used in such cases, corresponding to the forms of

the curves given in the Ferguson & King paper(1977).
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4. In many of the cases cited above, the region of extrapolation
(with its inherent uncertainties) corresponds to the ortho-P residual

region of interest -- between 0.8 and 1.5 mg P/1.

5. Model predictions showed that the chemical savings that would
accrue from a reduction in influent dissolved ortho-P varied over a
wide range at all dissolved ortho-P residual values. The average
savings in chemical dose decreased as the residual dissolved ortho-P

concentration decreased.

6. A specific case using available data for the Blue Plains
wastewater was examined. The model estimated chemical savings from a
reduction in influent soluble ortho-P from 7 to 5 mg P/1 at 4.7 1b
FeC13/1b P for a residual soluble ortho-P of 1.5 mg P/1, and 3.1 1b
FeC]3/1b P for a residual of 0.5 mg P/1.

7. A method for calculating the effectiveness of dosing strong acid

plus metal salt versus metal salt alone was outlined.

RECOMMENDATIONS

Further developmental work should be conducted to eliminate the
discontinuity in the Ferguson & King (1977) model, particularly since
the discontinuity often occurs in soluble P residual concentration

regions of interest.

Laboratory experiments should be conducted to provide information on

actual precipitation behavior in the discontinuity region.
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Specifically, these experiments should duplicate the prototype system
as much as possible. That is, they should employ simultaneous
precipitation in a continuous-flow activated sludge system with
precipitate recycle. The experiments should be conducted on domestic
wastewater whose characteristics can be kept reasonably constant at a

variety of pH, alkalinity, and initial P values.
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=4

A -  of interest) T

€O ] =olea
1
Nev = Caq i+ Kez
Ke, Cwg

G= L] —
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TABLE |
t—’(-?ai//'ﬁriuhm v ﬁ::,/Q‘AO/LS/chS (C//SE‘[ ,‘;" ,,‘H"C
Alom  Precipitaton Model
HyPoyp "= HPogP + HYt Koz = 10772
""""" CHPo2T = Po2T 4 oMt Kps = 1073
........ 4 £ 3
- i | L
2005 = HCoy™ +HT K, o
o™ = (o™ + i Ko = 10793
Lo = H*tow Kw = l07'*0
Al + W0 = ALOH® +wt *K, = 10>
- j » ; - a1
ALOH? + ¥, 0 = AL(OK) +at * K, = 107>
| -~ o L i "‘(a5
,,,,,,,,,,,,,,,,,,,,,,, ~ AlloH)] £ 0 —AlloR]q £ T ¥ Ky = 10T =7
| ° ~> had B | - _%""
AL (OH) ey + Ho O TAI(oW T RT ¥k = (070
ALY + U, POL = Al M Pog™ K =10
Al POz (ot 5 (s) = r AL +POS e GrdOH K5, = |
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, Th ,'5

exFréss;ba _Caﬁ {De‘ s;mé}if/éc/ bj v«‘.’/:'rm.na‘zl':'nj species

H)H ;qf'z,j tbs&niﬁéénfé mf’lﬂe /)H rahje 07[ .}n;/'ei'esf +o-

'olc:j o

lacly For +he Phosphate system:

B = CHsPod +Ci,Poy ] + CHPo2"] +CPog™]

H5PO4$ HZ_PO4- ‘i’: R+ | : KPI

\'\3_%4‘_- - \'\'PO4 B - H‘\:H : KQ:_

L HaPO,] = Leoo (not .éiﬁnilri,can+ TN pH r;f\ﬂe:or ivﬁ-é re.«.ﬂ i

[HPo71 = ol

(rPo] =elpr

[Pog3 ] =stos

",
P
Kea

ey o L CH? , Kps
B T Y I T 4
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[wt]

 Initidd  species concentrations are then calevlated from

oL Va‘ues ] (hi+|'4l,,i total vsoloL.

' tobd carbonate (¢r ¢ calevlabed

e phosphate (P and the initial

Leom tnitial alk;lm@. e

H?og‘] = Prdos

[Po3] = Prdes

[ Heosl = G ;LC,.V

Lu*)

| The. | COACCA“'(‘%‘\*{(Q)'\I oI vvCQ‘l'icv:v\vs(cx)m, \'\v;\e. ;ni'l'ﬁa\ So\,u‘\'iov\

,,,,,,, : assowc,ia"rec\v Wr"\f\ .weak \Dase Gv\iDV\S 1S CC\\C\J[Q—"Q(I ‘From
H\e eec’rroné&%é“j Con,eliﬁo«\. | G ois c.\na}-ac.’reris'\'\'c. of initial
 conditions and is ,_,oseA, ‘o ‘cglc.o\ajre, he Final p\-\. >

= CHPoE] + 2Ccof T +Cucog1 +Cow’] ~Lw]
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ADDIT/ON OF COAGULANT

~ The Coaﬁu/an‘f?.q

/

oses

FeCly (mq e /2)

Coh‘\/é;'h:cl “"*“o

:-l'o-!l-d

are entered into +he model as eithe-
Alom Cmg Alom 1), These +hen are
clominom (AL7) oc otal iron (Fe)

ALT = Alom Aoseim:\l—e B
300)000 Ma/M

Fer

v,S(o)OOO«W\ﬂIM

= FiC\B AOSE.)W\%[‘O o

The eq ui"\\vvrigym

COna'\‘aA‘\fs Lor -\—\«e. C\\OMW\\LW\ \'\Sclroxifxe |

Species (Ta‘c\e 1) w

ce th

e . C

er\

wed \53 Racks, G.A. in "Free

/"/J;lcl roxf[/e d m{

Ox t[/e Hyﬁ/ (‘ox;;é{es a¥

E:zerg[es Op‘ Fb"f"é’ébnn; am{ A7d¢ous Soluéi/[‘l’(es 01[. /”dmmum

_ ’27 Ferjuson .au’.ﬁv,kfnj [/977)

1163 (1972).  These are the same cyui/fén'a that wWere used

.,YY,EY';rj,USon am( kmj [4777) S.e/ec1[ec( -H\e S‘l’o«cl/uome'/'no

_fe/a%/'onsztk between ,a/um,indm arm(, /DllosP/ia¥c m ’+hc
Prec[lo/%a-/e, ﬁdsecl on ’a ré/z'éu/ ’01[ e‘nyineer{njvs{'ac‘ln'es

Ozc the alvminum /Diméf)/m—(-e | Pfe’c'[f/”fdﬁb’ﬂ becess.
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They Foond valoes weee predominantly in Hoe cange of

14 4o 14 and they chose 14 for theie work. I

+\fh$ V\'\'Aee\ +Hhe ,ra.,‘"\'o (R\ \.5 c\\/ariaL\g '\’\f\a‘\' C@n \De.

Equilibrium Constants Foc +he fecric hydeoxide species

Were +uken _«prvomv_ S‘l'uMm.vaw& Morﬂdv\), Agﬁuc}ic C\'\QW\ts‘)‘ﬁ}J

| The 2q U Lbrivm C—O\f\s\'an‘\"s . 'C'or Hhe iro}\ P\'\OSP\\KC\.Q

: Sol iAs avul Cov{r;ple Xes (.TaL e23 EWere , C{érNe,l ,as ‘Co \\_OQS us“\ﬂ

CHae data of R‘ecjﬂ»L and Ghassewri (FWQA) Re et Voo exi -

................... “K\V\e‘\‘\cs, QV\AMCL‘A&H(S(M of 'Prec:{‘:i‘}‘a'\wn: and nu‘ua 07[ preé:'.o::ﬁwlf "

btuined by addin of o (@) anl ALY b phosphe. (Fgure 7

. Pﬁo! m/n('mum.,c{:‘ss«:,/‘l/tc/ /DZIaSPlIA'c = 4 ’, |

. claésoluet/ YP04-P COnlcn.'=,’0-0'7vm? P,/-ﬂ_

= 2.2 xio"“ M/#

‘, f‘S“)LDIZ/)(b"'V,’e?[f‘y,GSS(JM(hj a// Fe s /.7/0‘/'61/.
AP y2-6.5 _ 35 a

AFe /1Z-6 2 ~ 72
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o ( Fe *3)/2 (P04 ](OH) Kso

vy Cphpheric e A= o

, v gy T~
L Lropd =y Po= 10" e 0755 5

Tral 1 B T T N

..... ; - For kSo 01(‘ (Fe 3*)/2 (Pof )(OH)OL
IrF.e“svr_) - ‘From 5‘0[0[)1/7[‘] o:C Fe(OH 3 (s) ' CK \

Ky, (S ’wmd- Moraan Aquc\f: C‘Aem‘s{'rq TQ\D\eG \\

Ks, = 10%25 _4:.,;« reao\‘non
R (ok’éu;) +3RY = %3 1+ 34,0

@ e e = 1% 07t = 138

R Kso - ¢ qu.é) - ( (o-ﬁ.'b‘;} (‘O Now \0_3’4.‘4? 1

Prepare |03 Cov\cevd'r«ho«\ A>H c\\aaraw\ -'\—o Q)t Rec\«’c Ghassew\c ”

reso \+s

From kSo (Fe,,‘L Pb4”(°H-’_)o.’L Ls))

yiféﬂ,f?of"] +1.2 log [re *] +o.6 103 (ow] = \ngso ]

g (0] #1121y e o1 (<14 +pH) = -34.45
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’Fn;vm? KSo,j (Fe (o H\,,'tﬂ )

log [Fe>] = 2.5 4 3 \105{\-\‘] = 25-3pH

o log [Po2] 4 1.2 (2.5-3 pH)

.;.. ‘03 [PO:;",'j '= -29.08 + ‘BF\-\ '

I+,,o.c.(-m+\>m= “34 45

—@

'QV\A Fe L'z_v?O‘, (0\'\-30.(‘ Gy

fik ~\'\»\e Rect s % G:\tassewu : reso

This equation aives PO n equilibrivm with Fe(OH), 5
| ﬂ 4 &i 3

vvvvvv To c,\;c“i\le eqocu\—ions _cb'r' I%Qn v\s\qosp\wc\e Coﬁ«p(u{cs ‘*;\r\c"f :

vvval ov\/ vOroc\,\xc.*\oA o( a\oj COV\cevc\Tx\wev\ /P 3 C\\.Ck‘a(‘avv\ ‘i'\r\cc} | .

l-\-s we wuug\' clen\(e,

Pe‘a_‘l'{ong)ai‘osi Loc HPO{.ZC.‘&NL,['\-LPO){:.: and the e Cow\p\exeé

EPo ] EH”] /FPO o='22

(k, \43%4\ |

o OO ,,|.oﬂ Cro 1 =7‘ios

fH Poz]fHﬂ /

/ [ P, 7

oo ,,,|.03 [.HPD;‘] = +_\2.,2 + 103 [PD:.'] - PH

o logCuPog] = -lbgs +2ph — @

= /07? (:(,_)H Poy)
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n o‘,...JOﬂ‘E“HZ’:PO;]Y | 77. +‘03 (fPo4 ] 4 \Ojfuq
i ESuEsf:}uhnﬂ ‘Fv‘om @ m

(417 ]
J

P

]"-965+PH -

FalrvIran FlIOS/D/m#C COM/O/fX(S

-_—

Fe Hog? = Fe 4 o K= 0 ﬂummfﬁorjan)"

e logUre weogT = \OjK +loj(1:e=*] +|03(HP04 1

Jsi jo

[FeH

mrl = —cos —pll —@

u

log
J

A /oj [Fe /J;PD%‘Z*] = /Oj £+ /c? [[-}31’] ' Oj [HZPO4] o

an‘cl._ Usm?@

lo

 These equekions are phited in Fgore as @ st

f’ru'a! +o clufl,icw}e 'H’f: R€Cll+ 'f’ GAASSéMi Soldéalzlj ‘cv[ml'av. |

Tlﬂe cla+a is ﬂb‘f Wcl/ clu,:/.‘ia{lc;/ va ‘n"l')e v rejn'onv bélowf,
‘PH 4 Where .So/u[:,Hj l'ncreases-’ a/sé +L|e PH 01[ Min mdm
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aﬂreémien%s‘ we ?\«\hu .V\ieﬁ\ed '-\'\«_ﬁ\e. :Fe‘\\\v’Of ’, Cémé\ex ahc\

adjust the valve of the Tl Pof? complex. This follows.

Empirical oAbty consbut Boe Fe Waro)" s ealedated

from .agr;?\:@613;;4;;;45 Recht 5 Ghussemi (Fiqure )

g (5 1707] = log K+ log(ro] Tloglthret]

e ph 3, &Kom A\o%ram n F?ﬁure._,

%

\

Io)rFe_ H.Pof*) = -2.4; loq (R3] = —3&; Ioﬁfuz?o:;‘]:*a

= loa K= 10
J H

m

'iﬂom

(o]

New valve of log ks, From

2(ogfar] ~ocloglowd)

—

‘oq (P31 = Ioak =

JETTh - J37se

@ ,Pl—\ G ,°3‘E° l‘\’] = =% ,loc“EPOf,'] = ",'\-3;33 \ocj(chr_l -‘-f‘\S,,’Z. |

" log kg = -3¢.3
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,,,,,, TABLE 2
,,,,,,,,, .EQOILI,BR\UM,;.RELATIONSH\P,S USED IN
THE TRON - PROSPHATE PRECIPITATION
—~Sigsar T
L loa K
Heof™ = PO 4Rt -12.2
e+ R0 T Feon®+ Wt -2.2
e OH* + B0 = Feloh), + v+ -3.5
Fe (0H)f +Ho0 S Fe (0W)] | 4+ W+ 1.3
Fe 00H sy + 3 WY = Fe® wH,0 + 2.5
— 34 - - 1 |
; F“‘Q""PO“(OMo.uLs) = 112 P34y P04 oLoOM 3¢.3
Fe ¥ + W, Po, =  Fe H1P047'+ . + 10

PRODUCT 204-1 (NEBS] inc., Groton, Mass. 01471,

-1



Jos

JAMES ENGINEERING CO.

6329 Fairmount Ave. SHEET NO. OF
EL CERRITO, CA 94530

CALCULATED BY DATE

(415) 525-7359

CHECKED BY DATE

SCALE

SELecTION OF PRECIPITATI(ON ZONE

The model uses different relakionships +o predich

Cinal P‘dosp \r\alrc. restc\wal c\epem\mo) o w\:\d-\mr the

meA\'ﬁ_\ Aose _{ :

l. lnsu”\c\ew\ <\-o brec\P {l)re any P\\r\osp\mk (Zero (’P\' Zo\r\e\

a2 Less than oc ec!ua\ f\'b ‘H\e S“‘mc\r\\ow\e‘\'ﬁc close LOne Pp\- ZoN.B

3. S“ﬁ:ide&j' 3(‘&-\-«' -!’L\an. the SJrDic\'\iomejtﬁc Aose,“'o P(‘Qci().l'\’k\re
md'a\ \(\jAr ox(Ae O\s \Meu as W\d’k\,, p\f\ose\!\x\»e (de ()P’(.Zohes

The critied assomghion hera s 4hel the mebd Prosgucke
precipitutes holore +he wekl h\ﬁafbxi'c\e:. T ‘

Becasse 4he  calealehions 4o dedecming phosphale

. .ﬁ:si&w.l avul Qi{v»\. PH df‘é +\r\e sc\vé\e.: -Cor ei‘“\er, l’rdv\

.Oor a\om ,‘:(‘,.Dm ,'\’\ais, Bom\- ,okuacls Qxc.ep\' (:oﬂr +\r\q Ja\\kev

’0(: 'Hﬂe COV\S‘}ZM‘\’S OV\LLj '\'\\e a\om PfQC\?l‘l‘k’\"lOv\ Ca\Cu\c\\"xon'

will be Presen+ec\

As a ‘Crs‘\' aPFrOKIMQ“'\OV\ *\\e W\ocel se,\ec.\-$ '\'\e wo

.

Pyt re%\OA \‘9 R (P Ho‘ﬁ‘A\ T AlT-R,(PT +\0',ﬂ, LI

Se.\ec:\s the zeco of ome \3(* regiOﬁs. Tf | e ymoc\e\
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Sinds thet there 1 emcess dlom  after +he phosphele residud

hQS }MQV\ .,esh’md-ec\ '\\" \r\h\\ pro.ﬁeélk, +° '\’\r\e Mo P\o‘\_ i‘eaiow

~ calewlation..

| ONE PRECIPITATE REGIGN CALCULATION (Stoichiometric Removal)

Mass ba/an(’es :,Ofl PIJOSPIMJLC, vcvmc/ h’?é’?La/ are Sb/Vfc/

to tiod the thDSIwa[e,Tres/c/‘ué/ in this rec]zon (where

 only aluminum phosphete (alp PO, oR),,.; 75 assumed

3r-3

| ,,;7,‘.‘0_,,. /mve ‘fové‘cvlf#av‘/'c‘)c/.v, ” T/’)éSe mass ba/mvceé are

I‘ezc/unec/ to a ll?o.{y'namia/; 867(]&1‘/01\ ’I‘nj, [H*] _w:l)[clu, is |

solved -+ c/eferm/})e fma/ [H*j CO",’lcen%'f‘a‘?l?'a‘n.“ VTKe | .

valve for B (soloble phosphete residucl) s then
caleuleted for +his L. EERERE

. Since final CHI is dependent on B, it is necessary

‘fo So/t/e .‘f"he 67,,U&,7/7'0,ﬂ5, SI'”WI,LILAHCAOUSGA ‘Eo .’Gf,fl.‘(,e,v 0+ 'H“e

correct findl pH and R.

LAY Glevlation for the 1 PPT Region

The final I H*] is a function of +he oriyzhd/ EIECfrovnez’/%ra/th
,Coh(/if/'on (CI >J+he acic/hLy ’acfcfez/ /37 the a/dm (CA>J [oH] |
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VOHIC( ‘{' e final? ,,S\mfc\(:s; At(s‘“‘i‘bﬁﬁon of Carbon/a*}é : ahc{v

.pkospkc&e Species

T\-\e Dro“'cms veigase CC,A\ Joﬁ'f'\ne. reachons 1h\loluec i

. va\x)minu‘m PHOSP}\K"C P(‘empl‘\'ahon -co\\ow Q S‘\‘O\c\r\\ome.‘\'t‘\i

............ | an{'ﬂ, td,e,‘:».emls ~on the mitial qom.cw%m\'zorus of HPQ, and
A N N |
rAl* + HFC){ + (3-3) Hzo = Al, P04 (Omgr 31”) ¥ (3r-2) W
I re/easc%/*,;:/ ,3;-2 BN
,,,,,,,,,,,,,,,,, APt 4 Hpop +(3r-3) H,0 S Al oy (ok), ;m (a0 Bt
fﬁ*]f*e/eﬁ //;-;;?/ ﬂ] = 3_;—_1 | s

In the 1 ,5PPT ré‘?/on ’11"/76‘ amount 07[ D/iosfﬁé,%e -

Preclpl/‘alec/ ‘/‘S a,,fun,cﬁon ,of H\e Cl/dm dose anél
 not the 1'n1'1‘/a/ total p/wsﬂm te
| o G o= (3r- Z)(olpzo\ + (3r- \"ZP:o AL

—
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The find electraneutrally condition is:

(1 -Cp = —OH'—]‘ v 2[6032‘] +Cueos] »ffH’Pof—] -] ©

| v wkéfet

oWl = Ky

(co2] = ¢ o{c,_'. = ozcl ki_&_
| | Cu+]
(weos] = Gdy, = Col 1 ]
Key - [w
______ ~ [weofl=Rds, = R L |
" ,.l:fl:_l-ﬁ‘l-f,[_lf\j_’_f‘_iﬂ
qu_. KP‘K?" [n]

The :Proaram solves this equation (@) by defining

| Cl ‘Func:l'ton

£(wD) = Gy +[on] +2[coF] +[Hco;T + [Hro2 ] - [W) -Cg

| WI+ then sol\/c5 1Cof- ’f(CH‘,‘]) =0 \mj successive QPPr‘oKimc.Jn'onS |

..... | I"Céqlcgy‘ayjrinj H{e.’ sFeékeS C,ov\cénlrrﬁions cqck +ime ,1"\}003’1 +L{e

/ooP.. The [ H] s then uséa{ +o cé/cd/m% Ps as

Sl'mwh” below
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@ &/CU’&?LI'OAA#or +he 1 PPT /?egl'on

@ | for the 1 pPT ,rejlén is determinecd from the mass

balances:.

My = r[A P04(0H73,,3(S)j + (a1 +Laon=] +[A1(OH)+]

-I' [/‘H(O H) ] [Al (OH\+1 + [f.\l HzPO:fJ

] +n POJ + (HPoZ ]+ rMHz '.l

TR e i on;] +[M<om;] [n mﬂ &
; r [

+ [P0 + e T + (=) [aiwpopt]
r

_,.Eg}.zi/i/)rdum ,,Conshﬁ r‘e/a{’fodskr}a’s.v, arho‘nvi,..vH)je S‘a/ué/e 5/3861?5 |

are vsed +o reduce @ 4o a poynomm/ eyua'flon with

[P(Jf] as the Smi/e variab/e :

1 LAIY]

ST AR o

r-3(s)

a1 LI Lo = Ky

rard = /T,g'//"
[Po]'(LHﬂ),

Al P@ ( oﬁ)3
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lzv.vfmoa“]

Al + H0o = AIOH* +u+ %k,

ERERE L mon=F) Cudl = *K,
[A®]

[ Alonz] = *xK, EAtj_‘j i

3. [mcont]

ALOH* + H,0 = AW + W *K,

C \Loa\,"js %X, [MOMM] = *kxK. [AW]
: Sy W

4, Altow,. 1

e AOH) + ho = AloWZ+ W K,

o —

L] Cw3

5. (Ao

 AGH + H0 = AR 4wt %X,

o Caien ] = #Ke DAGRYT = ek Ryxkon K, L]
, fﬁ*], o [_H+ 4

""""" | '.:A\ (O“):] = xKs [AlloW)}) = = k;#k-,,*K\ [AVP"] o
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,,,,,,,,,,, » HPOf" = ,PO:" e L Kez
(po] = CrofICe]
. Koz
T. v, Pos ]
k. POy = "‘»H”P04 4 WY Kp;
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mmmm e REERER
NOURRIABLE TRACE (FIG DEPENDENT)
BECIMAL
HERE FIRST
CREATE TREK
UARIABLE DEPTH-TRACE
VERIABLE UAR-TRACE

QUER - ERASE

: F' C FP ADDR --- )
DEPTH-TRACE @
IF CR ." (® DEPTH 4 -
2 .R .t
THEM VAR-TRACE & -
IF { TRACING )
DEFTH-TRACE @ NOT IF CR THEN
¢ OMLY OME CR .
DUP NFA ( FIG ) ID. #0UT ®
Z2 MOD 2@ SWAP - SPACES .» = *
>R FOUP F. R> THEN F1 ;

--3

e mezmmme=RRRREE
N~ REDO FOR FLOATING TRACE

VARRIABLE MATH-TRACE

: REDO .
>IN @ SWAP >IN ! ¢ ADR OF PREV
CREATE , ( COMPILE OLD DEF 3
DOES> @ MATH-TRACE @ DUP >R
IF >RCR .~ (®* DEPTH 2 .R .® ) "
FCUER F.
R®@ 2+ NFA ID.
FOUP F. K>
THEN EXECUTE
R> :
IF FOUup .* =" F.
THEN ;

( FIG-FORTH )

REDO F# REDO Fr REDO F+ REDO F- REDO F4

MATH-TRACE OFF

-=3

-

Z EFEXRER======- _ - —

e X/

REDO THE DEFINITION OF FUARRIABLE
SC THAT, UARR-TRACE IS TURMED ON.

ITS NMEW CONTENTS WILL BE PRINTED
WHEMEVER SOMETHING IS STORED THERET
WITH F!

GREAT TRACING ROUTINE.

IF DEPTH-TRACE 1S OM, THE STACK DEPTH
(OF AFTER THE STORE) IS PRINTED.

"REDO" MAKES A NEW DEFINITION OF THE
NEXT INLINE WORD, A FLOATING POINT
OPERATION, SO THAT IT WILL BE TRACED
IF THE VARIABLE MATH-TRACE IS
TURNED ON.



e L T LT L L R T TR,
O UEFERRED WORD WORDS
CREASH
TRUE ARBORT" +%2CRASH#=x#% HA HA HA" 3
THESE ARE THE STAMNDARD WORDS FOR
1 DEFER
CREATE ['1 CRASH , MAKING DEFERRED WCRIS. THEY RRE
DOES> @8 EXECUTE 3
COMPILED ON THE OLD SCI-4TH SINCE IT
t (IS R> DUP 2+ >R @ >BODY | 3
DOESN’ T HAVE THEM. ...

i IS
STATE # IF COMPILE (1IS5)
ELSE * >BCDY ' THEMN ;3 IMMEDIATE

it L I R Y e L
NOFIX AND UMFIXR "<" AND "x°

i FIX ( SCR%& --- 1 THIS ROUTINE FIXES A& SCREEN BY
BLOCK 1824 QUER + SWAFP DO
1 C@e ASCITI ( = ' COMUERTING ALL < 70 R LEFT BRACKET

AND ALL > TQ RIGHT BRACKET.
IF 123 ( LBRACE Y I CV :
THEN I C& ASCITI > = HATCH OUT--- THE OLB SCI4TH CONUERTS

IF 125 ( REBRACE 3 I C! THESE MARKS TO "UPPERCASE™.
THEN - . A L AND 1. THEREFORE, YOU RHRLE IN
LOGP CEFFECT REDEFINED 1 ANB L. SO DO NOT
TRY TO GO IN AND OUT OF COMPILING
LMNFIX {( SCR& --- ) MODE WITH THE [ AND 3t YOU CAN'T.
BLOCK 1824 GVER + SWRFP DO SCI4TH SHOULD
I C@ 123 = NOT. EVEN BE CONVERTING THESE CHARACTERS.
IF ASCII < I C! THEY ARE MNOT LOWERCASE!

THEN I C& 125 =
IF RSCII > I C!
THEN
LOOP



-~ - - —uss=ssdddddd 5§ sdkkdddsssssmo—---— .
>~ MESTING WORDS FOR FLOATING PT. THESE MWORDS, { AnD 3 BRUE NO REsL

SIGNIFIGANCE, THEY ARE JUST USED /S
{ . 1v ¢C&P +1 3 IMMEDIATE ' AN AID FOR COMPILIMG. THEY ARE
¥ -1 CSP +! 3 IMMEDIATE PLACED ARCUND A SUB-EXPRESSION.

OPTICNALLY, BUT EACH { MUST EBE
BALANCED BY A 3. THIS WAY. IT WILL
{ SINCE COLON SETS CSP, WE INC-/LEC BE EASIER TO READ THE LISTING, AMD
THAT WHEN < AMD > ARE FOUND. - IF THE BADLY CODED FORMULAS WILL BE ERSY 70
EXPRESSION IS IMBALANCED, THERE WILL SPOT.

BE A CONTRCL STRUCTURE ERROR. ) THEY WORK BY INCREMENTING AND
DECREMENTING CSP. : AND : REQIRE CSP
--2 TO BE THE SAME FRCM THE START TO THE

END OF THE DEFINITION, SO THERE WILL
BE AM ERROR’' IF THE NUMBER OF BRRACES
IS UNBALANCED, HOPEFULLY POINTING OUT
A GOOF IN THE PROGRAMMING.

THE WORDS { AND 23 ARE MOT COMPILED
INTO THE DICTIONARY AT ALL. THEY

ARE EXECUTED IMMEDIATELY.

NOTE THAT THE APPLE SCREEN DOES NOT
DISPLAY/INPUT THE BRACE CHARACTERS.

mmemmcoms==ms=RREERRE 5 ARERk==—==c------
N INPUT VARIABLES DOSE-NAME

FURRIAELE ALKALINITY(MG-/L) THESE ARE THE INPUT UALUES.

FUARRIABLE PROSPHATE.CONC(MG L) THE}HLKHLINITY, PHOSPHATE CONCENTRATIONM:
k ' P o Do

FUARIABLE PH. INPUT ) AND ALUM,/DOSE ARE THEN COMUERTED FROM

FUARIABLE ALUM.DOSE(MG/L) ' . THESE UALUES 7O A MORE USEARBLE FORM--

FURRIABLE R 1.4 R F! YTHHT IS, IN UNMNITS OF MOLES/L CR EQ-L.

{ FOR STARTING UP AS ALUM )
R STAYS THE SAME THROUGHOUT THE PROGRAM
DEFER DOSE-NAME

"ALUMT L ALUM t g
*IRON" ." IRON * ;

' "ALUM" IS DOSE-NAME

¢ INITIALIZE TO BE ALUM )



N COMSTANTS
1.8 -2.14 F*
8.8 -7.21 F%
18.8 -12.35 F¢
1.8E8-14

12.8 -8.35 F+
18.8 -18.3 F9
1.88+6

18.8 18.3 Fe
1.BE-5

ia. B -3.7 Fe
12.8 -8.%5 e
ig.8 -8.1 F4

2hoaas. 8 FCONSTANT ALT.SCALAR

-=>

{ WE USE ACTUAL EXPONENTIATION DUE

FCONSTANT
FCONSTANT
FCONSTARNT

FCONSTANT
FCONSTANT
FCONSTANT

FCONSTANT
FCONSTANT
FCONSTANT
FCOMSTANT
FCONSTANT
FCONSTANT

TO TRUNCATION OF POWERS

WHEN WE US

E “E"

mmmmme======EiRERES

FUARIABLE
FURARIABLE
FUARIABLE

FURRIABLE
FURRIABLE
FURRIABLE
FUARIABLE
FUARIABLE

FURRIABLE

FUARARIABLE
FUARIABLE
FUARIABLE
FURRIARLE

FUARRIABLE
FUARIABLE
FUARIABLE
-->

ALK
PH
ALT

ALPHA.PL -

ALPHA. P2
ALPHA.P3
ALPHA.CL
ALPHA. C2

ALPHA. AB

ALPHA. AL
ALPHA.RZ
ALPHA. R3
ALPHA. A4

DELTA.P
DELTA.AL
SLUDGE

NOTATION )

8 LXK f======---==-=
NOALK, PH, ALT, ALPHA UARIABLES.

FUARIABLE
FURRIABLE

ALPHA.PIB
ALPHR.PZB

FUARRIABLE ALPHA.P3\
FUARRIABLE ALPHA.C18

FUARRIABLE

ALPHA.C28

{ ALUMINUM ALPHAS )

T-35

(

IN THE CASE OF THE FERRIC CHLORIDE MODE!.

S

SOMETIMES PRINTER DOESHM' T SHOW - S

ALK IS THE ALKALINITY IN EG-L
PT IS P IN MOLES~/L

T
PH

H+ IS5 INITIALLY

CALCULATED 70 BE 18

ALT IS AL,
T

ALUM DOSE IN MOLES/L

WE STILL USE THE WORDS THAT SIGNIFY
ALUM INPUT.
AND THE CUTPUT IS CHANGED FOR IRON.
INCE THE MODEL ORIGINALLY RUNS AS

ALUM, WE GIVE EVERYTHING ALUM NAMES. ..

THE ALPHA VALUES EMDING IN B

CONMTAIN THE ORIGINALLY CALCULATED
VALUES. THEY ARE SET BY THE WORD
*BACKUP"

CONSTANTS
K _z2.1 K ~7.Z1
KP1 FPL = 18 P2 = 18
KPPz
KP3 K _i2.3 K -14
P3 = 18 W = 18
K
KC1i K _E.3 K -i4.3
KC2 ClL =18 C2 = i@
K K _34 8
#KSO S = 18 K = 18
#K 1
*#K2 #K 18.3 { SET UF FOR &Lt}
K3 50 = 1@
#K4
¥K -5 $K -2.7
1 = 18 z = 1@
%K -B8.5 -K «8.1
3 = 18 4 = 1@

3

REALLY ONLY THE COMNSTANTS



e esEmms=EEEEEE O SREXXP==s=smw-—-—-—-
w SPECIES 6aMD OQTHER UARIABLES
FUARIABLE CT
FUARIABLE CR
FURRIABLE CO3-- FURRIABLE CO3--8
FURRIABLE HCO3- FURRIABLE HCO3-B8
FUARRIABLE PO4--- FUARIABLE PC4---8 -
FUARIABLE HPO4-- FUARRTABLE HPO4--8
FUBRIABLE H2P0O4- FUARIABLE H2P04-B
FUBRIABLE OH- FUARRIABLE QH-Q
FUARRIABLE H+ FURRIABLE H+@
FUARIABLE PS FUARIABLE PS8
FURRIABLE PS.TRIAL
FURRIABLE (HCO3-)
FUARRIABLE (PO4---3
FUARRIABLE AL+3
FUARIABLE AL+3.LIMIT
FUARIABLE CI
FUARRIABLE PT
-2
== —msooxcidbbdd 183 Sksdllsmsessm- - - - - -
N K80
$ KS0.ALUM

18.8 -25.8 R F@ F# Fi+ Fr 3
i KS0. IRCN e

1.8 1S8R F@F& S4.8 F+ 2.8 F«

3

FNEGRTE F¢

-y

>

THESE RARE DATA CELLS MRICH 8RE CRl-
CULATEDR IN "CRLC-SPECIES-DISTRIB®

FIRST, C 1S CALCWATED, THEM....
T _

CO3-- = (O HCO3- =  HCO
3 3

PO4--- = PO OH- = OH
4

HPO4-- = HPO H2PO4- = H PO
4 z 4

{HCO3-) RAND (PC4---73, IMN PARENTHESES.
ARE NOT TO BE CONFUSED WITH THE SPECIES
DISTRIBUTION.

AL+3 AMND AL+3.LIMIT ARE USED IM THE

SOLUBILITY-EXCEEDED ROUTINE.
PSB IS THE INITIAL PS, SAVED WITH
THE FIRST CALCULATION.

PT IS5 TOTAL PHOSPHATE.

SINCE KS0 MWAS ORIGIMNALLY DESIGHNED T0O
BE A CONSTANT, WE WANT KS0 TO RETURHN
A VALUE ON THE STACK.

SINCE WE CHANGED KSO TO BE A FUNCTION

S OF R, IT CAN MO LONGER BE A CONSTANT.

{ STILL ACTS AS A CONSTANT )

DEFER KSO

' KSO.ALUM IS K50 ( START UP AS ALUM )

!

T-36

HOWEVER, TO MAINTAIN IMTEGRITY. WL
DO MNOT MAKE KSO A UARIABLE BECAUSE SG
MUCH OF THE PROGRAM ALREADY EXISTS
WITH KSO USED AS A CONSTANT.

THUS, WE HAVE IT RETURN THE UALUE ON
THE STARCK.

A PROBLEM IS THAT THIS VALUE 1S COMPUTETD

EVERY TIME IT'S CALLED, WHICH 1S SOME-
WHAT IMEFFICIENT.



- s oE=ssssdsbig s
~ SCLUE-TILL-CROSS

DEFER F(X)

FURRIABLE CLL.F(X)

FURRIABLE MULT

SOLUE-TILL-CROSS
BEGIN

SOLUTION Fe

1] s drddmscssmmm——————

DEFER ROOT
FURRIARBLE OLD.ROOT
FUARIABLE SOLUTION

MULT HOLDS THE AMOUNT TO MULTIRLY

BY EACH PASS THROUGH. WE STRRT ouT
MULTIPLYING BY 18 EACH TIME TILL WE
CROSS THE ROOT. THEN WE DIUVIDE BY

THE SQUARE ROOT OF 1@ TILL WE CROSS.
THEN WE MULTIPLY BY THE SQUARE ROOT

OF THE SCUARE ROOT OF 18 UNTIL WE CROSS.

¢ --

OLD.F(X) F1 AND SO ON, UNTIL WE GET A CLOSE
RCGCT F@ EMOUGH ANSHER.
FDUP
LO.RCOT F1i F(X) AND ROOT ARE DEFERRED SO DIFFERENT
MULT F®& EQUATIONS/ANSWERS CAN USE THIS EQUATION-
SOLVING METHOD.
F&
RCOT F! OLD.F(X) AND OLD.ROOT HOLD THE PREUIOUS
F(X) X AND F(X) VALUES.
OLD.F(X) Fe@
F# SOLVE-TILL-CROSS STARTS TRYING OUT THE
Fa> NOT ROOTS, MULTIPLYING BY "MULT®* EAQCH TIME.
UNTIL 3 : UNTIL IT HAS GONE TOO FAR AND CROSSES
-—7 THE ¥-AXIS.

S----—s==oosHkEdes 12 RSERESss=ss=—oo oo
N GET-ROOT
i GET-ROOT ( --- ROOT )

1.8E-3 RGOT F!

FIX) CLD.F(X) F!

18.@ FDUP MULT F1

RCOT F@ F% ROOT F!

GET-ROOT STARTS WITH A SEED OF LE-3.

IT INITIALIZES GLD.F(X) AND MWLT.

THEN, IT TRYS F(NEW X) AND CHECKS TO
SEE IF IT HRS ALREADY CROSSEDL THE

X AXIS. 1IF S, IT GETS THE SOUARRE-ROGT
RECIPROCAL TO START TESTIMNG IN THE OTHER

F{X) FDUP OLD.F(X) F® F# F@«<
IF FDROP MULT F& -8.5 F¢
{ CROSSED AXIS ALREADY, FIX NOW-)
ELSE FDUP OLD.F(X) F@ F- F% F@>
IF MULT F& -1.8 F4
ELSE MULT Fe
THEN ¢ MULT CN STARCK )
THEN :
5 @ DO ( # OF TIMES TO ITERATE
FRUP MULT F!
SOLVE-TILL-CROSS -B8.5 F#
LOOP FDROP
ROOT F@ OLD.ROOT F@ F+ 2.8 Fr ;
{ TAKE AVERAGE OF LAST 2 ROOTS )
..-) .

DIRECTION AND WITH SMALLER INCREMENTS.
OTHERMWISE, IT CHECKS IF THE

Y VALUE IS FARTHER AMAY FROM

THE X AXIS THAN THE PREUICUS Y UALUE.
IF SO0, 1T REVERSES THE DIRECTION OF
THE TESTING BY SETTING MULT TO ITS
RECIPROCAL.

THEN, IN A LOOP, 1T APPLIES THE TRIAL
ROOTS TO THE FORMULA UNTIL THE X-AXIS
IS CROSSED. THEN IT ALTERS MULT TO
REVERSE DIRECTION WITH SMALLER INCRE-
MENTS, AND REPEATS.

WHEN THIS IS DONE, THE ROOT IS DETER-
MINED BY TAKING THE AUVERAGE OF THE
LATEST ROOT AND THE PREVIOUS ROCT.



————— =#4Eudkis 13 tkbdddmssmsmm-—-—-—---

==

—-ssso==ss=sffkdd 14 ekssslss==sse-----
N CONUVERT-INPUTS

INITiALK ¢ B

{ ALKALINITY(MG-/L) F@ S@8828.8 Frv 3
ALK Fl 3

INIT:PH ¢ )
PH.INPUT F@ PH F!

IMIT:PT ( 3

{ PHOSPHATE.CONCIMG/L) F@ 31686.8 F/ 3
PT FU! 3
CINITiH+ ¢ )
£ 18.8 { PH F@ FNEGATE } FT 3
H+ F1

?

IMNITiALT « J
ALUM.BOSE(MG-/L) F@ ALT.SCALAR F/
ALT F!

L]

CONVERT-INPUTS INIT:ALK INIT:PT
INIT:PH INIT:H+ INIT:ALT
--x

T-2R

-->
THESE ARE THE AOS/ENGLISH REPRESENTA-
TIONS OF THE CALCULATIONS. (": AS

=1
.

IN PASCAL, MEANS “"GETS®)
ALK . MG~L A8 CRCGR
BLKALINITY, EQ-L is —----smmem——— e
Sh. arG
PHOSPHATE 1IN MG/L AS P
P MOLES/L 1= ---------mmmmmmme e
T 31,886
-PH
H+ i= i@
ALUM (FECL)> DOSE IN MG/L
AL I= —--m-m-mmmmmm -
T MOLES/MG
AL IS THE ALUM DOSE OR FECL LOSE IMN

T MILLIGRAMS/LITER. MOLES/MG IS

388808 (ALUM) OR Sc@88 (IRON).



- - - smsssssdsisst 17 #EripEs===mssm--- -

“ CRLCIALCL CALC:AR.CZ CALC-ALPHAS
: CALC:AR.CL ( --- 3
1.8
{ { H+ F@ KC1 F~ 3
£ 1.8 3 F+
{ RCz2 B+ F@& Fv 3 F+ 3 F»r 3
SLPHA.CL1 F1
: CARLCIAR.CE2 ( --- 13
KCZ H+ F@ Fr ARLPHA.CL F& F=%
ALPHA.CZ F 3
1 CARLC-BLPHAS { --- 2
CALCIA.P2
CALC:R.PL CRLCIA.LP3
CRLC:R.CL CRLCIR.CZ2
=%
—————ezzcoscddEdsd 18 Sisslksassas---—--—
~ CARLC:CY
s CRLCICT { -=- 12

ALK Fa PT F@ ALPHA.PZ F@ Fx F-
ALPHAR.CY F@ Fv CT F 3

-- 3

=

.39

-—>
i
ALPHA 1= ~---------mmm e e
Ci K
H+ et
- - -+ l O
K A
i
K
: cz
ALPHA 1= ALFHAR (---)
cz Ci W+
-=>
CT 1= ALK - P ALPHA
T Pz
AL PHA

CT =
K
2!
ALK - --- - P AALPHAR - ZP &LPHA + (R+}
{H+) T P2 T P3
ALPHA + ZALPHA
Ci cz



=aoctesdss 15 sdssisss=s

N CRLCIALPL
1 CRLCIR.PL ( --- 1
B+ F@ KP2 Fvr ALPHA.P2 F@& Fs=
A PHALPL FLU g
=%
mm e scssssasdhEasdsd (B ddskdssssmm---—---
N CALCIALPZ CALC:A.P3
1 CALCIA.P2 ( --- 3 )
£ 1.8
£ € 1.8 : 3
{ H+ F@ KP2 Fr 2 F+
{ { H+ F@ 2.8 F* 3
{ KPl KP2Z2 F=» Y Fr 23 F+
{ KP3 H+ F@ Fr 3 F+ 12
Fr 3
ALPHA.PZ F1
CALC:A.P3 ¢ --- 1
KP3 H+ F@ Fv ALPHA.PE F@ Fa
ALPHAR . P3 F 3
-=*

m-40

H+
ALPHR 1= ---- (ALPHR 1
Pl K Pz
P2
--3
i
ALPHA !/ —mm e e e
Pz z K
H+ {H+) P3
1 + ---=- 4+ —=--=- F ——-——
K K K
Pz Pl P2 H+
K
P3
ALPHA = ----- (ALPHAR
P3 H+ P2
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\ CALCULATE SPECIES DISTRIBUTION e
co 1= C  ALPHA
: CALCICO3-- ( --- 1 3 T cz
£ CT F@ ALPHA.C2 F@ F# 3 CO3-- F! ; -
‘ HCO := C ALPHA
! CALCIRCO3- ( --- 3 3 T Toh
€ CT F& ALPHA.CL F@ F% 3 KHCO3- F j —
PO 1= P ALFHA
t CALCIPO4--- { --- ) 4 5 P3
{ PS F@ ALPHA.P3 F& F% 3 PO4--- F1 .
HPQ i= P ALPHA
t CALCiHPO4-- ( --- ) 4 5 P2

{ PS F@ ALPHA.P2 F@ F& 3 HPQ4-- F!

'

i CALCiHZPO4- ( --- 3 2 4 S P1
£ PS F@ ALPHA.PL F@ F& 3 H2P04- F

wra

iCHLCIOH- { --- 3 _————
Kid B+ F@& Fr OH- FL 3 H+

—_————— ======W* 2@ xR AFRE=mm=mm=m——————
N CARLC-SPECIES BARCKUF

3 CRLC-SPECIES ( --- 13
CARLCICO3-- CALCIHCG3-
CRLL: P04~~~ CARLCiHPO4--
CALC:IH2PO4- CRLCiOH-

BACKUP

CO3-- F@ C03--8 F! HCO3- Fa@& HCO3-2 F!

PO4--- F@ PO4---B F! OH- F@& OK-B FIBARCKUP SAVES THE INITIAL ALPHA AND
HPQO4-- F@ HPO4--8 F! H+ Fa H+8 = F1

'

HZP04- F& H2P04-8 F SPECIES DBISTRIBUTION UALUES.
ALPHA.CL F@ ALPHR.CL18 F!

BLPHR.C2 F@ ALPHA.C2@ F! ALL OF THE WARLUES ENDING WITH
ALPHA.PL F@ ALPHA.P1B F

BLPHA.PZ F@ ALPHA.P2B F! “a"

ALPHA.P3 F& ALPHA.P3B F 3



. EXCESS.ALUM? CALCIFSB
: THERE 1S EXCESS ALUM IF
+ EXCESS.ALUM? -4
AT F@ ' AL > R (F + 1B
R Fa@ T - T
PT F@ L.BE-4 F+ F&  F>

T CRLCIPSE
FT F@ ALT F& R F@ Fv F- AL
-
8.8 FMAX ( RESTRICT 7O BE »= 8 13 P i= PT - --==-
S@ R
PSR F1l 3
-~ BUT IN CASE THE RESWLT 1S LESS TREN

ZERO, P IS SET 7¢ BE EQURL TO ZERO.
S@a

i A L S
==

e —



s mssmssRESEsds 23 deddddsssssme - - -- -

-

s s osEssssidddkdsd 24 ssdsdbssssms-——-=--
N CRLCICAR. L .
SINGLE-PRECIPITATE CARLCULKTION OF CH
i CALCiCARLL ( --- )
R F@ 3.8 F« F2~- ALPHA.P28 F@ Fs CR 1=

RF@ 3.8 Fa F1l- ALPHA.PIB F@ F& F+
RFaFs AT F@ Fu

CA FL (3R-ZMALPHA  I+(3R-1MALPHA )
: Pz@ PLGB
e e (AL
{ CALLED WHEN THERE IS i PRECIPITRTE ) R
-3

Tr-43



~ FALHY FIRST F(H} CALCULATION

i FL(H} ( --- FP 3
CALC-ALPHAS
CALC-SPECIES _
F(H} 1= C + (OH 3 + 2(CO 3
( WE NEED ALPHA UALUES AND SPECIES A 3
DISTRIB BEFORE MWE CAN CALCULATE. )

CA Fa + (HCO ) + (HPO )
OH- F& F+ 3 4
CO3-- F& FE& F+

HCO3- F& F+ , - M+ - C

HPO4-- F@ F+ i 1

R+ F@ F- 1 ’

Cl F@ F- FDUP SOLUTION F! ;

~,

=T X

- = - - - -ssssssdddlied 25 sRklsssssssme-—--—-—

~ CALCiH+. L
: TO CRLCULATE R+, WE SET Fi(X} TO Bt
I CALCiH+. L : ' F{X3, AND H+ TO BE THE ROOT.
23 Fi(H}Y 18 F(X3 . : THEMN WE CARLL GET-ROOT AND STORE
3 H+e 1S ROOT THE RESULT IN H+.

GET-ROOT H+ F 3

-->



T o s osEEsssdssdsds 27 skdskdssssss----- -
N CRLE-ALUMINUMS

1 CRLCIA.RE { == 3 ALUMIMNUM ALPHA UALLE CALCIL ATICNS.
£ £ 1.8 3
£ 2Kl H+ F@ Fv 3 F+
£ £ #K1 &K2 Fa 3 ALPHA =
L H+ F 2.8 F4 3 F¢ 3 F+ a8
£ £ «K1 2K2 F+ 3 aK3 F% 3
{ R+ F@a 3.8 F® 3 Fv 3 F+ #{1 SKlaKz S LaK2ZeK3 sl lalZak38Kg
£ { { &K1 #=K2 F& 3 14 -- + ——----- + ——--—--—- + - —— -
£ #K3 #K4 F« 3 F% 3 2 3 4
{ H+r F@& 4.8 F+ 3 F» 3 F+ 3 H+ H+ H+ H+
Files®X ALPHAR.A8 F 3
1 CALC:iR.AL ALPHA.AB F@ *K1 F& H+ F& Fr ALPHR (ALPHA 3} (sK1lsH4+)
BLFPHA.RL FL AL 1= AR
i CRLCIAR.AZ ALPHA . RL F@ aK2 F% H+ F@ Fvr
APHA.RZ FL 3 : ALPHA 1= (RALPHAR 1 (#K2<sH+2
i CALCIAR.AS ALPHAR.AZ F@ K3 F& H+ F@& Fr A2 Al

ALPHA.A3 F L 3
CALCIAR.AY ALPHA.AS F@ K4 F+ Hy F& Fv’ ALPHAR 1= (ALPHA 3 (3K3sH+1

"

ALPHAR.A4 F1 3 A3 Az
1 CALC-ALUMINUMS ( -- ) :
CALCIR.AB CALCIA.AL ALPHA 1= (ALPHA 3 (#Kd4sH+)
CALCiR.AR CALCIA.A3 CALCIA.RG § -~-> R4 A3
= mzessmmsddkilbids 28 fEElissmsms-———-—-— )
N A. B FOR PHOSPHATE RESIDUAL A, B, C, ANB D ARE THE COEFFECIENTS
FURRIRBLE A FURRIRBLE B . FOR THE P EGURTICON.
FUARIABLE C FURRIABLE D F
: CALCiIA
€ { { R+ F@ 2.2 F? 3 2
{ KP2Z KP3 F& 3 Fr 3 H+ H+ e
£ { H+ F@ 3 A= ------ ¥ -=-
{ KP3 3 F«4 3 F+ 3 : K XK K
AFL 3 Pz P32 P3
1 CALC:B
€ { RF@& { FDUP Fi1- 3 FSHWAP Fv 3
A (SR-3)}R
£ £ K { KS0RF@ KK 1</R3(H !
FisX F+ 3 F= R-1 s6
{H+ F@ { S.BRF@F% 3.8 F- B i= {~--) {-----mmmomommmmmmo !
RF&Fs 3 F4 3 Fu 3 R (K 3R-3<RMK MHX 1
£ { KW W P2 P3
£ RFa

€ ¢ FDUP 3.8 F% 3 3.8 F- 3
FSWAP Fv 3 F4 3
€ KP2Z KP3 F4 3 F& ) Fv 3 F& 3
B FL 3
-->



mmImAR IS

i)
pa)
i
Y

Nt

(1 + 8 + 8 + A + A

~ CLoFOR PHGSHHQTE EtSIBUﬁL
§ CALs:iC
L £ R Fa Fivs¥ 3
{ { KS0 FQUER Fd 3
{H+ F@a { RF& { & FOUP 3.8 F= 3
3.8 F- 3 FSHWARP
Fs« 3 F% 3 Fa
L K {RF@ { { FOUP 3.8 Fa 3
3.8 F- 3 FSWAP
F# 3 FF 3 Fo 3 Fs=
£ 1.8
{ ARLPHA. AR Fa 3 F+
{ ALPHAR.AL Fe 3 F+
{ ALPHAR.AZ F& 3 F+
L ALPHA.AZ Fa 3 F+ 3 Fs 3
CFl s
P CRLCD
{ PT F&
L ALT F@RFRFF 3 F- 3
nory g
--%
== e --azszssccddddis 3B skgEldsssssse - - -—

N F{PQ4---3

: F(PO4---3 ¢

--- FIPQ4---1 )

(PG4---3 F@

A F@ FOUER Fx N PF AsPF
FOUER R F& FDUP 1.8 F-

FSWAP Fe F4

B F@ Fs F+ \ FF A%+Bax

FSWAFP R F@ FlsX FNEGRTE F¢

C F& Fs F-

D Fa F-

N As+Be-C=%

N As+R&-Cax-Os

FDUP SOLUTION F o

-

I-46

F(PO4---3 1=

3



N CHLCH{PO4---1

: CALCI(PO4---3 { -- 3} TO CALCULATE (PO4---13, WE FIRST
CALCIA CALCIB CALC:C CALC:D
£°3 F(PO4---3) I3 F(X} CALCULATE THE CONSTANT COEFFECIENTS
I'1 {(PG4---3 15 ROQT
GET-ROOT (PO4---) Fl j A, B, C, AND D. THE WE SET Fi{%3} TG

- CALL F(PO4---1 AND SET THE RGOT TO BE

(FPG4---1, AMD CALL THE EGURTION-TOLLVER.

~emmmmmzEasssddEEdd 32 fsiltlcosmmme——-—-—-— -

N CRLCiPS.TRIAL TRIAL P 3= =
3 CALC:iPS.TRIAL { -- 3 S

{ £ £ L H+ F@ KP3 Fv 3 { 2 3

£ L H+y F@ 2.8 F1 3 { H+ (H+2 3

€ KP2Z KP2 F#% 3 Fr 3 F+ 3 (PO4---3 & (----- + ------ 3

{(PQ4---32 F@ Fs 3 2

1

K 3
KSO R F@ Fls¥X F® 3 F= A )
H+y F@ { 2.8 R-1
{ L { RF@2a 2.8 F% 3 3.8F- 3 , i 3IR-3 -—
RFa&Fs 3 F+ 3 F4 3 Fa - 2+ <R R
{ (PO4---1 F@ K &K R#* (H+} & (PO4---1
{ RFe Fi- R F& Fv 3 sea .
F 3 Fs 3 F mmmmmmem e e - -
L € KP2 3 L KP3 3 Fa& 3R-3r
LR L L {3BRFAaFs Y Z.B8F- 2 K K K <R
RF& Frs Y F+ 2 Fo 3 Fv 3 F+ 2 P2 P3 MW
PS.TRIAL F 3

Pl R oY
0
w
o
[LV)
0
W

"™t ™M

i CALC-RESIDUARL
CALC:(PO4---1)
CALC:PS.TRIAL -=>

T-47



- - - —mEEassdddsed 33 Addddbsmmsmme - -

N~ RESIDURL LOFFY RECKRLC.PS

i RESIDURL.OFF?

PELTRIAL F@ PS F@ Fv ( RATIO 3
Fi- { NOW HOPEFULLY IM RANGE -.1 +.13
FABS 8.1 F> 3 ( TRUE IF IMACCURATE 1

3 RECALCIPS

PS Fe PS.TRIARL F@ F+ 2.8 F» PS F 3

-->

TR e - - -

RESIDURL . OFF7 RETURMS TRUE IF WE

ESTIMATED MWRONGLY ABOUT THE PRECIPITA-
TION, MEANING THART WE SHOWD CRLCULRTE
FGR ALUMINUM HYDROXKIDE PRECIPITRTION.

FALSE OTRERMISE.

RECALC:iPS TRYS A MNEMW UWALUE OF P
s

BY TAKING THE AUERAGE OF THE £ WHRLUE
S

JUST CALCLLATED WITH THE PREVICUS F

=



- = - s smmsnssdaddss 35 ddklddssmmms-- - - - -
O RNY.PRECIFITATE?

THERE IS GHE PRECIPITARTE., MGT ZERQ. IF
tOANY.PRECIPITRTE?

4L £ AT F& ALPHA.RB F@ Fa 3 BR-3
R F& Fo 3 O S
¢ PT Fo 3 Fs R ¢ ou
£ ALPHA.P3 F& 3 Fa X:ﬁL M ALPHA ;x}u’a MALPHA 3 (----1
£ £ KW H+ F@ Fr 2 T f T P3 { H+ 1
{ {RF® 3.8 F% 3 3.8 F- 3
F* 3 Fa 3
KSO F> 3 IS GREATER THAN K
S0
-=
- ms- s scszossssfkddkid 35 altsdbss=smmem—— - - -
N CRLEICT
CALCULATION OF C
i CALC:iCI  { --- 1) 1
£ { HPQ4--@ FQ 3
{ C03--8 F@ Fzx 3 F+ -- - -
£ HCO3-8 Fa@ 3 F+ C 1= HPO4 + 2(C03 3 + HCO3
{ OH-B Fa 3 F+ 1 e a e
£ H+B Fa 3 OF- 3
CI F 3
- a -
+ OH - (H+ )
a e}



~ FRiHD

$ FAR1 { -- FP 1
CRLC-ALPHAS CALC-RLUMINUMS
{ CI Fa

H+ F@& F+
OH- F& F-
£ C7 Fa
{ ALPHA.CL
MPHR.CZ
{ PT Fa
£ ALPHA.P2
ALFHA.P3
£ ALT Fa
{ ALPHAR.AL
ALPHA. B2
ALPHA. A3
ALPHAR. A4

Fa
Fa F2#« F+ 3 F& 3 F-
Fa
F@ F2% F+ 3 F# 3 F-
Fa
Fa
Fa
Fa

F2« F+

3.8 F#% F+

4.8 F& F+ 3
. Fs 3 F-

FOUP SOLUTICN F

-->

- s mssssssdddsddd 38 sssddsssssssme----—

N CALCiH+.8

CRLCiH+. &2

£°3 F@(H)Y IS5 F(X2
231 H+ IS RGOGT
GET-ROGT H+ FU o

-

3

THE ZERG-PRECIFRITRTE

F{H) 1= C
I

+ LR+ - (OR-G

+ C ( ALPRA + 2LARLPHAR 33

T Cci C

[+

+ P ( ALPHAR

+ 2(ALPHA 31
T Pz 3

£3

+ RL ( ALPHR
T Ha

+ ALPHA + ALPHA

A1 Az

+ ALPHA 3
A3

THIS IS THE CALCULATION FOR R+ WBEN
THERE ARE MO PRECIPITARTES. 17 IS
CARLCULATED BY SETTING F(X2 TQ

CALL FB(H) ANDB BY SETTING H+ TG BE

THE ROOT UARIAREBLE.

T-50

CRLCULRTION OF ®



N CRLCIPROFINAL
-FH
3 CRLCIPHLFINRL SINCE H+ = 18 . PH 3= -LOGIHYS
H+ F& FLOG FREGRTE PH Fl

DON' T YOU AGREE?

== - smEsssssEREStE 48 ssdsltsssssse———--
N CALCIALKLFINRL

i CALCIALK.FINAL

HCO3- F& C03-- F@ Fz2x F+ HE2P0O4- FIMNRL ALKALIMNITY CALCULATION:
F@ F+ HPQ4-- F@ FzZx F+
OH- F@& F+ H+y Fa F- . ALK 1=
ALK FLl 3 , '
-—x HCO + 2(CO 1 + K PO + Z2{RPO 12
3 3 2 4 4

+ GH - {(H+1)



N FEZOHY Z-PRECIF CHRLCLLATION OF R+
t F2(HY ( --- FP 3 Elp+) 1= -C - "y + C 4
£ 4 CI Fa FMNEGRTE 3 I3 53,
CH+ F& O3 F- LA 4 1 3 { ZEC o3
£ £ { U H+ Fa KCL Fvr Fl+ 3 C( { -=-=-=-=- 3 { Z21 3
L KC2 H+y F@ Fo 3 F+ FilesX 3 T¢ { H+ K o1& {1 + ----~1
{ XC2 F2s H+ F@ Fr Fi+ 3 { { -=- +i+ (21 { R+ 101
. F® 3 CT Fa Fs 3 F+r { K ---1 £ 1
£CAFA& 3 F+ 3 FRUP SOLUTION F 3 ¢ Ci H+1 { 2
- > .
N ’5 BAEEDEEBRL LSRR EREP DL LR R RS REEEEE SR BB BLR
~ gl 4 R ZR-3
THIS PRRT (HY M SKB0 MKW 3
OMMITTED. + -~---------m--mmm-oo-
K K
£3 &g
4 4 2 3
3 {-=-mmmmmm- R 3
s (H+) 4 z 3
S0 { H+ H¥ 3
S L K Z# 3K 4 A 1 2K 2
- — - msmmsssdddsds 44 dddssksssssse-—-—-— -

N CARLCiH+Y. 2

i CALCiH+. 2
£22 FR(H3} I8 F(X1

L3 He 15 ROOT
GET-ROOT H+ F! ;
-=>

SIMILAR TQ THE FIRST CALOW ATION OF H+.
ZCALCiH+ SETS F(X) TG BE Fz{h}
SETS THE RGOT T4 BE H+

GETS THE ROOT AMND STORES IT7T IM H+



-wnasEasfssastis 45 sddslssssmmec~c---

N CRLCE (PO4---21 FINAL CALCIPS.FINRL 2 PPT: FIMNAL CRLCULARTION OF (FO4---1
ORI PGe--~ 31 FINAL

K54 KEQ

SO R Fa Fb (PO4-=-~) i= —---~~-mm o

¥ R F@ 3.8 Fo 3.8 F- F¢ R 32R-3 3

Fea H+ F& 3.8 Fd F= #KSO KM L+

Fe

(PO4---3 F1 ;
FINAL 2-PPT CALCULATION OF PS 1S:

$ CALCIPS.FINAL { --- 3 r 2
£ (PO4---) F@ I H+  {H+3  KORKBOMH+)
£ { H+ F@ KP3 Fv 3 P 1= (PO4---3[--- + ----- + ommm e
£ CH+ FR 2.B F4 3 s IKP KP KP KP KP
{ KF2 KP3 F& 3 Fv 3 F+ 3 2 03 2 =
{ { K #KS0 Fw .
H+ F@ 5.8 F%
Fa 3
{ KP2Z KP3 F& 3 Fv 3 F+ 3 Fa 3
PS F1i

—_——— e e-aasssmddddkd 45 SRR mmmmIm— - - ———
“~ PATH UECTOR, BOOLEAN URRIABLES.
THESE WORDS ARE USED TQ SIGHNIFY

BEFER PRTH WHICH “PARTH" WAS TAKEN THROUGH THE
- PROGRAM-- NO PRECIPITATES, ONE, THO.
i B-PRECIP GOR ONE MODIFIED 7O THO.
.M 48 PRECIP" , '
i1 L-PRECIP PATH IS5 A DEFERRED MWORD WHICRH IS SET
. LY PRECIPY® 3 IN MAIN.CALC TO RUM ANY OF THE WORDS
i Z2-PRECIP B-PRECIP, 1-PRECIP. Z-PRECIP.

.t {2 PRECIPY" 3
1 »2-PRECIF
LA PPTY Ot

OR 1>2-PRECIP.

*

URRIABLE SQLIDS
UARIABLE WRITING
UARIABLE 200M

-- 3

UARIABLE PRINTER
VARIABLE FORCE-Z2
UARIABLE LZ0O0M

MRIMN.CALC SETS UP PATH TO RUN THE
- APPROPRIATE WORD.

T-53

153

ind

ted



- - smczsassddddss 43 Redsgtsssmmmem—-—-—-—-—

Y
Ee

- - -—sssoosfddddds DR ssdslkkssszss-—m—-—-—-—
N MRINLCARLEC

3
2

MAIN.CALC { --- 3 CONVERT-INPUTS

PT F@ PS F! CALC-ALPHAS CALC:CT

CALC-SPECIES BRCKUP FORCE-2 @

EXCESS. ALUM? OR '

NOT IF I['1 L1-PRECIP 1S PATH
CALC:PSEB PSB F& PS F

CALC:CI CRLC:CA. L
CALCiH+.1 CARLC-ALUMINUMS
CALC-RESIDUARL RECALC:PS
BEGIN CALCiH+.1 CALC-ARLUMINUMS
CALC-RESIDUAL
RESIDUAL .OFF? RECARLC:PS
MOT UNTIL
ANY . PRECIPITATE? NOT
IF ©°1 8-PRECIP IS PATH
cAaLC:iCl
CARLC:H+.8 CALCiPH.FINAL
PT F@& PS F! ( CALC:ALK.FINAL 1
@.8 SLUDBGE Fl EXIT
THEN SOLUBILITY.EXCEEDEDR? -
IF 231 L1>2-PRECIP IS PATH TRUE
ELSE YCALCISLUBGE~<1 FALSE THEN -->

1-54

1) COMUERT INPUT URLUES. 23 SET PS 1O
Eausl PT. 33 CALCULATE ALPHAS, CT.
SPECIES BISTRIBUTION. 43} SAUVE ALPHRS
AND SPECIES. 5) IS THERE EXCESS ALUMY
OR IS FORCE-2 ON7? '

83 IF NOT, AMNOUNCE ONE PRECIP. 73 CRL-
CULATE PSE, STORE PSB INTG PS. 83 CALCU-

LATE CI AND CAR (MWITH THE 1-PPT FORMULAD
S) IN A LOOP, CALCULARTE H+ MWITH
SUCCESSIVE APPROXIMATIONS. FIND THE AL
ALPHAS, AND CALCULATE PS. WHILE THE
RESIDUAL IS IMNACCURRATE, TAKE THE MEAN
AN REPEAT THE LOOP. 183 NQW CHECK 10
SEE IF THERE IS INDEED AMNY PRECIPITATE.
113 IF THERE ISN 7, ANNOUNCE ZERG PPTS.
123 CALCULATE CI, H+., AND A FINAL PH.
133 STORE PT INTO PS. CALCULATE FINAL
ALKALINITY, AND EXIT THIS ROUTINE.

143 (CONTINUING WITH 1 PPT) CHECK IF
SOLUBILITY IS EXCEEDED. IF SO, ANNOUNCE
THERE IS 1-3>2 PPTS. AND LEAVE A "TRUE".
153 ELSE LEAVE "FALSE™ AND MAYBE CALC
THE SOLIDS... WE WON' T DO 2-PPT..



-- - - - —s=csossdddsdd 5l dasdslsssssm—-—— -

SNOMAIN.CALC, CONTIMUED F.
ELSE {31 Z-PRECIP IS PATH TRUE
THEM
IF CRLCsCT CALCICR.2 CALCiR+. 2

CALC-ALPHAS CALC-SPECIES
CALCI(PO4---2 . FINAL CALCIPS.FINAL

?CALCs

THEHN

SLUDGE~2

CARLOIALK . FIMAL CRLCIPH.FINAL

1 F. ¢

SHMALLER PRECISION HERE 3

1282.6 Fa FROUND 1888.8 Fr F.

- e s cassssshdddid D7 selRses

N SOFT 78

LORD, RANGE URRIABLES

137 LOARD ( GET SOFT SEUVENTY 13

FUARIABLE
FURRIABLE
FURRIABLE

FURRIABLE
FURRIABLE
FURRIABLE

FURRIABLE
FURRIABLE
FURRIABLE

FURRIABLE
FURRIABLE
FUARIABLE

-->

ALK.INITIAL
ALK.FINAL
ALK, INC

PH.INITIAL
PH.FINAL
PH. INC

PHOS.INITIAL
PHOS.FINAL
PHOS. INC

DOSE.INITIAL
DOSE.FINARL
DOSE . INC

Y

183 QTHERMISE, (FRGM ABOVE, MEANINMG
THAT THERE WRS EXCESS fAbud:

THAT THERE ARE 2 PRECIPITATES AMD LEAUL

A "TRUE".

A7y IF THE FLAG LEFT N T
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CR ." PO4---:" PO4--- Fa F.
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CR ." PS: " PS Fa 31886.8 F=%

{ CONVERT MOLES/LITER TO
MGALITER AS P 1 F. ." MGsL"
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. ABKER
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.

PH ?

INPUTF% PH Fl CR

- REACTION RATIO OF 1.47 " QUERY-Y#N
IF 1.4

ELSE CR ." REACTION RATIO 2°

IMNPUTF S CR

THEN R F 3

1.4 R Fl 8.5 PH FI
MAIN.CALC
PRINT-UALUES 3
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N PRIMT-FOR-FINDBER

i PRINT-FOR-FINDER
CR.
18 SPARCES

Alk = °

ALKALINITY(MGALY F@& F.
Phosphate = * :

PROSPHATE.CONCIMG/L )Y F& F.
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PH.IMNPYUT F& F. 3
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INFUTFS FDUP RLK.FIMNAL Fi 2STER
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IMPUTF® FDUP PH.FINAL F! ?STEP
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USER INSTRUCTIONS FOR PHOSPHATE PRECIPITATION MODEL

SET up

The phosphate precipitation model is written for an Apple II+ or Apple
ITe microcomputer with a printer in slot 3, and one disk drive in slot

6.

To start the program, turn the computer off, insert the disk in the
disk drive and turn the computer on. The disk drive light should come
on and the drive whir while the program is being loaded into memory.

When the 1ight goes off a help screen will appear on the monitor.

Select the Ferric Chloride or Alum precipitation model by typing ALUM
or IRON then hitting the return key. After typing one of these words,
the value of r (the reaction ratio) is automatically set to its
appropriate default value: 1.2 for the iron; 1.4 for alum. After
setting ALUM or IRON, the value of r can be changed to some other
value until the next time the program is booted or until the next time
IRON or ALUM is typed. To do this, type in the new value for r, a
space, the letter R, another space, then F!, then the return key. For

example, this will store 1.5 into R.

1.5 R F!

ENTERING DATA

The next step is to enter the data for the cases to be run. The



mode1 needs to know the initial alkalinity (in mg/1 as CaCO3), initial
pH, initial soluble phosphate (in mg/1 as P), and the coagulant dose

(in mg/1 as FeCl, or Alum). To enter this information type RANGES and

3
hit the return key.

The program is set up so that more than one case can be run at one
time. To do this it asks for a range of input values and the
increment between them. For example, after typing RANGES and hitting
the return key the program prompts for "Initial Alkalinity?". Enter
the lowest value of alkalinity that you want to try. It then asks for
Final Alkalinity?". Enter the highest value of alkalinity you want to
try. It then asks for "Step?". Enter the increment. For example, if
you want to look at the range of alkalinity between 100 and 200 the

screen would look like this:

INITIAL ALKALINITY? 100
FINAL ALK? 200
STEP? 10

If you want to look at just one alkalinity the screen would look like

this:
INITIAL ALKALINITY? 100

FINAL ALK? 100
STEP? O

The procedure is the same for entering the data for the other inputs.



If you enter an incorrect number you can change it by backspacing and
reentering before you hit return. If you hit return before you notice
the error hit the control key and the reset key at the same time and

start over.
CHOOSING OUTPUT FORMAT

The next step is to choose the output format. The following options

are available:
1. Printed output.

2. A graph displayed on the screen with a range of soluble phosphate

residual of:

a. 0 -10
b. 0-1
c. 0-0.1.

To enable or disable the printing mode, use:

PRINTER ON or

PRINTER OFF

The program is set up for a printer in slot 3. When the model is
actually run, output will be sent to the printer if PRINTER has been

turned ON.

-0



Changing the Vertical Scale on the Graph

In normal operation, the horizontal axis of the graph will range from
a phosphate residual of 0 to a residual of 10. Since it is often
desirable to view the graph more precisely at small doses, the swithes
ZOOM and DZOOM (double-zoom) can be used to alter the scale from 0 to
1 (when ZOOM s on) or ffom 0 to 0.1 (when DZOOM is on) To turn on or

off, use:

ZOOM ON or
ZOOM OFF or

DZOOM ON or
DZOOM OFF

Waiting for User Response After Each Graph

A switch called WAITING exists in the program so that when it is
turned ON, the microcomputer will wait for the user to press a key

after each graph or set. To set the state of WAITING, use:

WAITING ON or
WAITING OFF

Plotting

The program is set up to always show the results plotted on the screen

N-¢4



as the program is being run.

RUNNING THE MODEL

To start the model type:

PLOTTER then hit the return key.

HELP

If you need further assistance in running the program contact:

Beverly James

James Engineering Inc.
6329 Fairmount Ave.

E1 Cerrito, CA 94530
(415)525-7350.



APPENDIX III

PHOSPHATE RESIDUAL/CHEMICAL DOSE
FOR ALL CASES TESTED
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CHAMPION LINE No. 810

CROSS SECTION - 10 SQUARES TO INCH
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CHAMPION LINE NoO. 810
CROSS SECTION - 10 SQUARES TO INCH
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